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STELLINGEN

1. Afgezien van het feit dat bolvormige grafietdeeltjes met een straal van

ongeveer 0.02 micron een resonantlepiek bij 217.5 nm vertonen, is er geen

enkele reden om de aanwezigheid van grafiet in de Interstellaire ruimte te

veronderstellen.

2. Het belang van fotochemie voor de verklaring van het 217.5 nm intern

Stellaire extinetie-«maximum is tot nu toe onvoldoende onderkend.

Hoofdstuk I van dit proefschrift.

3. Gezien de vele andere aanwijzingen voor de aanwezigheid van interstellair

stof in kometen, is het geen verrassing dat een plotselinge toename

optreedt bij 10"1' kg in het geïntegreerde massaspectrum van het stof

nabij de komeet Halley.

McDonnell, J.A.M., et al.: 1986, Nature J21_, 338.

1. Henning veronderstelt ten onrechte dat de oppervlaktehelderheid van het

object een onafhankelijke parameter is in zijn modelberekeningen aan

sterren met een circumstellaire stofschil.

Henning, T.: 1983, Astrophys. Space Sei. jW, 105.

5. Het verdient aanbeveling bij de interpretatie van BBS- (Rutherford

backsoattering spectroraetry) spectra van het diffusiefront van TCE (1,1,1-

trichloorethaan) in PMMA (polymethylmethaerylaat) rekening te houden met

"straggling".

Mills, P.J., Palmström, C.J., Kramer, E.J. : 1986, J. Mat. Sei. 21_,

1179.

6. Bij het bepalen van de lichtgeïndueeerde driftsnelheid van natriumatomen

in een buffergas, gebaseerd op vluchttijdmetingen in het "optische

machinegeweer", dient rekening te worden gehouden met verlies van natrium-

atomen ten gevolge van chemische reacties.



7. Aan de conclusie van Walsh et al. dat de NPHB- (non-photochemical hole-

burning) techniek niet kan worden gebruikt om de homogene lijnbreedte van

gastmoleoulen in organische glazen te bepalen, dient te worden getwijfeld.

Walsh, CA., Berg, M., Narasimhan, L.R., Fayer, M.D.: 1986, Chem.

Phys. Letters 130, 6.

8. Zwaar-fermion gedrag treedt op in pseudo-binaire of -ternaire inter-

metallische uraniumverMndingen op de grens van antiferromagnetisch en

Pauli-paramagnetisch gedrag.

Brandt, N.B., Moshchalkov, V.V.: 1981, Adv. Phys. 33, 373.

9. Het verdient aanbeveling te onderzoeken of het door Melzack et al.

genoemde diagnostisch vermogen van de MPQ (McGill Pain Questionnaire)

eveneens kan worden aangetoond wanneer voor dit onderzoek patiëntgroepen

met geringere onderlinge verschillen gebruikt zouden worden.

Melzack, R.: 1983, Pain Measurement and Assessment, New York, Raven

Press.

10. Het is een wijdverbreid misverstand dat met behulp van röntgenbeeld-

versterkers met nóg hogere conversiefactoren de aan een patiënt

toegediende röntgendosis verminderd kan worden.

11. Uit de uitdrukking "tussen de middag" blijkt dat in de moderne taaiweten-«

schap taalstructuren niet te snel in verband kunnen worden gebracht met

logische structuren.

12. Bij het zoeken naar mogelijke oorzaken voor het teruglopend bioscoopbezoek

in Nederland dienen de bioscoopexploitanten ook de hand in eigen boezem te

steken.

13. Exacte wetenschappers zijn net zo min sociaal als sociale wetenschappers

exact zijn.

Gerard van der Zwet Leiden, 19 november 1986
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INTRODUCTION AND SUMMARY
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The space between the stars (the "Interstellar medium") is filled with

matter. This matter, which consists of gas and dust particles, is concentrated

in huge clouds with dimensions from several to tens of light years. The

density of these clouds is extremely low by terrestrial standards and ranges

from 1 to 10 hydrogen atoms per cm'. In addition to hydrogen, which is the

most abundant element in space, other elements such as He, 0, C, N, Ne, Mg,

Si, Fe and S are also present.

The dust particles ("grains") manifest themselves by selective scattering

and absorption (extinction) of starlight. The general form of the "extinction

curve" is shown in fig. 1. Several populations of grains, with different

sizes, are required to explain the observed curve. The linear rise from the

infrared to the near-ultraviolet is due to grains with a typical radius of

about 0.1 urn. The core of these grains consists of silicate like materiali

which is formed in the outflow of stars and expelled into the interstellar

medium. Conversely, the densest clouds of gas and dust contract to form stars

again.

1000 500 300

Fig. 1: The interstellar extinction curve. Several populations of grains, vith
different sizes, are requived to explain the observed curve.
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The silicate grains play a major role in the interstellar chemistry:

their temperature is extremely low, about 10 K, and in high density

("molecular") olouds, atoms and molecules accrete on these grains, forming a

"dirty ice" mantle. Evidence for these mantles is provided by infrared

observations towards some interstellar objects, which indicate the presence of

solid H,0, NHj, CO and other species as well (Allamandola, 1981). Due to the

harsh interstellar radiation field provided by the stars, the molecules in the

dirty ice mantles are continuously photolyzed, forming radicals which can

react further to more complex species (Hagen et al., 1979). Via grain-grain

collisions warmup of the grains can occur, leading to an explosive evaporation

under certain conditions (d'Hendecourt et al., 1982; 1981). In this way

species may be replenished to the interstellar gas.

The spectroscopic properties of the grains are the subject of this

thesis. The process of accretion and photolysis is simulated in the laboratory

by condensing mixtures of gases onto a cold substrate (T - 12 K) in a vacuum

chamber and photolyzing these mixtures with a vacuum ultraviolet source.

Alternatively, the gas mixtures may be passed through a microwave discharge

first, before deposition. The spectroscopic properties of the ices are

investigated using ultraviolet, visible and infrared spectroscopy.

In chapter I a new identification is proposed for the 217.5 Tim

interstellar extinction maximum Chump"; fig. 1). Until now, collective

excitation of IT electrons in small graphite particles was generally accepted

as the most likely explanation for the hump (Aannestad and Purcell, 1973;

Huffman, 1977), although this hypothesis suffered from several problems. In

this chapter it is shown that vacuum ultraviolet photolysis of aromatic and

aliphatic organic molecules in argon matrices at 12 K results in formation of

photoproducts which absorb strongly around 220 nm. Combining ultraviolet and

infrared spectroscopic measurements, the products are identified as

polyacetylenes and cyano-polyacetylenes, which are also observed in the

interstellar gas by radio observations (Mann and Williams, 1980). It is

suggested that small grains consisting of a mixture and/or polymer of

polyacetylenes and cyano-polyacetylenes account for the 217.5 nm interstellar

extinction hump.

The long-standing problem of the diffuse interstellar bands (DIB's) is

the subject of chapter II. The DIB's form a series of approximately 50 visible

absorption bands extending from 1f3 nm into the near-infrared, which are

superimposed on the continuous rise of the extinction curve (not shown in fig.
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1; Herbig, 1975). Although their interstellar origin was already recognized

more than 50 years ago, no convincing explanation for these features has been

proposed so far.

In chapter IIA consideration is directed to the question of whether

absorption of species embedded in grain mantles can account for the DIB's. Gas

mixtures composed of molecules such as H20, 02, CH,0H, CO, CHj,, C2H2, CgHg and

NH, were deposited using the microwave discharge technique. The absorption

bands in the visible spectra of these ices are assigned to (02>2 « °3>
 M 02 and

NOg. The general broadness of the bands excludes dirty ice grain mantles from

being the source of the DIB's. The visible spectra of "organic residues",

which are produced by photolysis of dirty ice mixtures and subsequent warmup

to room temperature, do not show any visible absorption bands. This organic

residue is presumed to be the main constituent of the grain mantles in low

density ("diffuse") clouds (Greenberg, 1982).

An alternative explanation is offered in chapter IIB, namely that the

DIB's are due to polycyclic aromatic hydrocarbons (PAH's) in the gas phase.

These molecules have recently been proposed as the carriers of the

unidentified infrared emission bands (Leger and Puget, 1984; Allamandola et

al., 1985; see also chapter IIIA). The carbon skeleton of some of these PAH's

is extremely stable with respect to photodissociation. It is shown that in the

interstellar medium many of these species will be positively charged and

partially dehydrogenated, and will absorb in the visible part of the spectrum.

In addition it is shown that the line shapes of DIB's are reminiscent of

rovibronic band contours of gas phase organic molecules. The widths of the

DIB's are probably governed by radiationless internal conversion between the

particular vibronic level excited and nearby levels of a lower electronic

state. Since little is known about the spectroscopic properties of these

radical ions in the gas phase, a considerable amount of theoretical and

experimental work is called for.

In chapter III the results are presented of a stud/ of ultraviolet pumped

infrared fluorescence of molecules suspended in matrices. A number of

ultraviolet rich astrophysical objects show broad emission features in the

mid-infrared, known collectively as the unidentified infrared emission bands

(Allaraandola, 1981). The strongest features are generally at 3-3, 3-^, 6.2,

7.7, 8.6 and 11.3 vm. Near-infrared continuum emission, probably associated

with the features, is observed in reflection nebulae. A special ease is formed

by the pre-main-sequence stars HD97018 and Ellas 1, which are both surrounded



by a clrourastellar dust shell: in addition to the well-known features the

spectra of these stars show strong emission features at 3-53 and 3.H3 vim. One

of the first models to explain the infrared emission bands was developed by

Allamandola et al. (1979). It was proposed that the features are due to

infrared fluorescence from ultraviolet pumped, vlbrationally excited small

molecules frozen on grains.

On the basis of infrared absorption spectra, the features at 3.53 and

3.t3 pm observed in HD970t8 and Elias 1 may be assigned to the C-H stretching

vibrations of formaldehyde (H2C0) complexes with surrounding molecules in

dirty ice grain mantles (see chapter IVA). In chapter IIIA the ultraviolet

pumped infrared fluorescence model is tested for H2CO suspended in dirty ices.

H2C0 was pumped in the first excited singlet state by an excimer pulse laser

which emitted light of 308 run wavelength. After the laser pulse, possible

infrared emission between 2 and 5.5 um could be monitored with an InSb

detector. In this way, an upper limit of - 5 x 10 for a , the ultraviolet

to infrared energy conversion factor, could be obtained for H2C0. In view of

the required value for a (- 10"'j see chapter IVA), it is concluded that the(- 10"2;

emission features at 3.53 and 3.43 \tm observed in HD97018 and Elias 1 are not

caused by infrared fluorescence from H2C0 frozen on grains. The same upper

limit for a was determined for organic residues, which might possibly be

responsible for the observed near infrared-continuum observed in reflection

nebulae. However, in view of the required efficiency (- 10 ), this possi-

bility is rejected also.

During the experiments described in chapter IIIA it appeared that,

although H2C0 itself does not emit in the infrared, infrared fluorescence from

the vibrational levels of the ground electronic state of CO present in the

matrix can be stimulated via energy transfer from the excited H2C0. This

electronic to vibrational energy transfer from H2C0 to CO in argon and

nitrogen matrices is studied in chapter IIIB. The CO infrared emission decays

nonexponentially and originates mainly from higher vibrational levels of ^CO.

A model is presented which accounts for this behavior, assuming a finite

lifetime of the excited H2C0 and, in addition to radiative decay, taking into

account nonradiative decay to C0 2 impurities present in the matrix.

Chapter IV is devoted to an infrared spectroscopic study of matrix

isolated H2CO. This molecule is one of the many species observed in the

interstellar gas by radio observations (Mann and Williams, 1980) and is likely

to be present in the grain mantles in molecular clouds (Greenberg, 1973;
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Allamandola, 1981).

In chapter IVA infrared absorption spectra are presented of H2CO in a

number of molecular matrices. The original aim of this study was to

investigate whether the O H stretching vibrations of H2CO in dirty ices could

be shifted to similar values as the observed 3.53 and 3.43 \m emission

features (see chapter IIIA). It is shown that H2C0 forms chemical complexes

with surrounding molecules in the matrix, with corresponding shifts of the

symmetric and asymmetric C-H stretching vibration of H2C0 to higher

wavenumbers. The shifts can be qualitatively explained in terms of the lone

pair effect of the oxygen of HgCO. An approximate match with the emission

features observed in HD97018 and Elias 1 can indeed be obtained. However, in

view of the required ultraviolet to infrared energy conversion factor, which

is 10~2, the possibility that ultraviolet pumped infrared fluorescence of

H2CO frozen on grains gives rise to these emission features can be excluded

(see also chapter IIIA). It is suggested that PAH's containing aldehydie

groups may provide a better explanation.

In chapter IVB infrared spectra are presented of the 1:1 complex of H2CO

with C0 2 in argon and nitrogen matrices. In IVA it appeared that the C-H

stretching vibrations of H2C0 show an exceptionally large shift in ices

containing C02. Therefore, the 1:1 complex of H2CO with C0 2 is studied

separately. The results indicate that weak T shaped complexes are formed in

argon and nitrogen, which are isolated in several configurations. It is

concluded that the large shift of the C-H stretching vibrations of H2C0 in C0 2

containing ices is due to concerted lattice effects involving more C0 2

molecules and not to an unusually strong 1:1 complex.
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MOLECULAR ORIGIN OF THE 2 1 7 . 5 NM INTERSTELLAR HUMP

ABSTBACT

Vaeuum ultraviolet photochemical experiments have been performed in an

argon matrix at low temperature (~ 12 K). It appears that starting from a

variety of simple organic molecules photoproduats are formed, which nearly

always show strong absorption in the 200-235 rm range. Infrared and

ultraviolet spectra indicate that the absorbing species are polyaaetylene and

eyano-polyaeetylene type molecules. Such molecules are found in space. The

polyaaetylenee and ayano-polyacetylenes have extremely strong absorption bands

in the ultraviolet; in a matrix the shift in band position is quite large. It

is suggested that such molecules as part of grains can account for the 217.5

nm interstellar extinction hump. This requires as little as 3t of the

available carbon in space.

Parts of this chapter will appear in: Polyeycllo Aromatic Hydrocarbons and

Astrophysics, eds. A. Leger and L.B. d'Hendecourt, Les Houches Workshop

(February 17-22, 1986)
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1. INTRODUCTION

The discovery by Stecher (1965) of a prominent maximum in the

interstellar extinction at 217.5 nm (1.6 pm ) has given birth to many

theories about its origin. Plasma oscillations of electrons in graphite

particles are commonly accepted as the most likely explanation for the

217.5 nm hump (for reviews see Aannestad and Purcell, 1973; Huffman, 1977).

Grain models have used graphite as a major component of the interstellar dust

to match the extinction curve in the region of the 217.5 nm hump (Mathis et

al., 1977; Greenberg and Chlewioki, 1983). The profile and position of the

resonance peak in graphite depends on the shape and size of the particles;

spherical particles with a radius of - 0.02 ym are required in order to

obtain an extinction hump at 217.5 nm (Gilra, 1972). The sensitivity to

particle size and shape is a major objection to ascribing the hump to

graphite. In addition, there are other indications that graphite is not a

likely constituent of the interstellar medium: laboratory data demonstrate

that formation of graphite under interstellar conditions is unlikely to occur

(Czyzak and Santiago, 1973). Furthermore, graphite is only a minor component

of the carbonaceous material from primitive meteorites, which supposedly

contain some interstellar dust. The small amount of graphite present is

probably formed by graphitization of macromolecular precursors in the solar

nebula (Nuth, 1985).

Recently, carbonaceous grains (Sakata et al., 1983) and amorphous carbon

grains (Borghesi et al., 1985) have also been proposed as possible sources of

extinction in the interstellar medium near 220 nm. Another suggestion concerns

small grains of magnesium silicate composition (MacLean et al., 1982; Duley

and Najdowsky, 1983). Here the absorbing species (at 222.5 nm) is 0 2" in low

coordination sites.

In addition to absorbing in the right wavelength region, there is another

constraint which potential carriers of the hump have to fulfill: the

absorption needs to be sufficiently strong in order to avoid abundance

problems. For example, if graphite accounts for the hump this requires 32$ of

the available carbon (Greenberg, 1986).

It is known that under conditions prevailing in interstellar space

photochemistry occurs in grains (Greenberg, 1973). Through photochemistry a

variety of organic molecules can be formed from simple ingredients such as

H 20, CO, NHj, CHi,, H2S, etc. (Hagen et al., 1979; Agarwal et al., 1985;
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d'Hendecourt et al, 1986). In fact, a large number of molecules and radicals

with up to thirteen atoms per molecule have been observed in space (Mann and

Williams, 1980; Bell and Matthews, 1985). Such photochemistry takes place by

irradiation with ultraviolet light down to 91.2 nm, at low temperature (- 10 K

on grains) and at very low pressure. Photochemical experiments with vacuum

ultraviolet light (100-200 nm) have shown that with such high energy light

quanta many reactions are possible and that highly unsaturated organic

molecules are easily formed (MoNesby and Okabe, 1964). Many unsaturated

organic molecules with conjugated bonds show strong light absorption between

200 and 300 nm. Hence, if such molecules are common in interstellar space this

should manifest itself in an increased extinction. Light absorption by

unsaturated linear carbon chain molecules has earlier been suggested to be a

possible origin of the 217-5 nm interstellar extinction hump (Hoyle and

Wickramasinghe, 1977).

The photochemical experiments described in this chapter were started

with the intention of elucidating the possible role of organic molecules in

space with regard to the observed extinction curve in the ultraviolet part of

the spectrum. We searched for product molecules which show strong light

absorption near 220 nm. Such molecules must have conjugated bonds and thus

contain several carbon atoms. On the other hand, too many carbon atoms in an

unsaturated molecule leads to several absorption bands including bands well

above 217.5 nm, contrary to our requirement. With this in mind we selected a

number of starting compounds with 6 to 8 carbon atoms per molecule and a few

outside this range. The matrix isolation technique was used to study the

photolysis of these molecules.

2. EXPERIMENTAL

In a vacuum chamber gas mixtures were deposited for a 6 min. period at a

rate of 0.1 mMol/hr (ultraviolet measurements) or a 30 mln. period at a rate

of 0.3 mMol/hr (infrared measurements), onto a 12 K rotatable substrate cooled

by an Air Products CSW-202A displex closed cycle helium refrigeration system.

After deposition the samples were irradiated through a magnesium fluoride

window with a microwave powered hydrogen discharge lamp (A « 160 nm) and

often subsequently with a high pressure mercury lamp (A > 200 nm, Oriel,

200 W) equipped with a 10 cm pathlength water filter to minimize heating of
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the sample. However, even with filtering a temperature rise of - 5 K was

observed during irradiation with the mercury lamp.

The gas mixtures were prepared in a greaseless glass vacuum line using

standard gas handling techniques. Ar, U.H.P. 99.999? (Matheson), filtered

through a combination molecular sieve-activated charcoal filter, was used as

the matrix gas. The organics (Merck, Baker and Janssen Chimica; p.a.) were

further purified by several freeze-thaw cycles under vacuum. The ratio of

argon to organic molecule was 1000/1 in all experiments except for the

ultraviolet experiment with benzene, in which a ratio of 10000/1 was used.

Ultraviolet absorption spectra between 150 and 350 nm were recorded in

transmission (sapphire substrate) with a Jarrel-Ash (model 82-110) f/3.6

monochromator, placed between the light source (Oriel deuterium lamp) and the

sample. Slits of 500 \m (1.5 ran resolution) or 100 um (0.8 ran resolution) were

used. The cryostat was equipped with quartz windows (Spectrosil B) and a

quartz lens was used to focus the light on the sample. A Hamamatsu R 928 UH

(S-20) photomultiplier tube was installed behind the cryoatat.

During irradiation with hydrogen light, F-centers were generated in the

sample material leading to a continuous light absorption between 200 and 350

nm. The continuous absorption was eliminated by comparing the lamp output

curve (without sample) at reduced height with the actually observed

transmission curve. From the ratio of intensities the absorbance as a function

of wavelength was obtained.

Infrared absorption spectra between 1000 and 500 cm"1 (2.5 and 20 ym)

with a resolution of 2 cm"1 were obtained in reflection (aluminum substrate),

using a Fourier transform spectrometer (Digilab FTS-15 B/D) which was

connected to a VAX 11/785 minicomputer via a local microcomputer (Compcontrol

VME CCS-68K).

3. RESULTS

3.1. Ultraviolet spectra

Figs. 1, 2 and 3 show spectra which are obtained when benzene (CgHg)

suspended in an argon matrix is photolyzed with the hydrogen lamp. The

photochemistry of benzene has been studied in great detail (Kaplan and

Wilzbach, 1967; Bryce-Smith, 1968; Kaplan et al., 1968; Chapman, 1971) and
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Fig. 1: Ultraviolet absorption
spectrum of benzene in argon
(1/10000) at 12 K after 3 hrs
photolysis with the hydrogen lamp.
Assignment of photoproduets as
indicated: (1) dimethylene ayalo-
butene, (2) benzvalene, (3) benzyne
and (4) fulvene. Resolution: 1.5 run.
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Fig. 2: UV speotrum of benzene in
argon (1/10000) at 12 K after 20 hre
photolysis with the hydrogen lamp.
The spectrum of deposited benzene
before photolysis is also giv-
en (xS). Resolution: l.S run.

many products have been identified. However, no information was found on

benzene in a matrix irradiated at wavelengths as short as 160 nm. Literature

data were used to assign a number of peaks to specific molecules, as indicated

in fig. 1 (Berry et al., 1962; Schafer and Berry, 1965; Griffith et al., 1972;

1975; Domaille et al., 197*4; Harman et al., 1979; 1981; Kent et al., 1981).

The peak around 220 nm, for which no assignment is given, is of particular

interest. It grows upon prolonged irradiation with the hydrogen lamp while the

neighboring peak nearly vanishes (fig. 2). Similarly, the double peak at 246

nm increases while the peak to the left of it decreases. Further irradiation

with the mercury lamp reduces the height of the 216 nm peak whereas the 220 nm

peak remains unaffected (or grows a little). This ia shown for a separate

experiment in fig. 3. It is known that fulvene, which gives rise to the 216 nm

peak, is not photochemically stable (Kent et al., 1981). Thus it appears that

photolysis of benzene in argon at 12 K leads to a photoohemically stable

compound which shows strong absorption around 220 nm. It may be noted at this

point that there is no shortage of quanta to cause photochemical action at

220 run. The intensity of the hydrogen lamp at this wavelength is at least one

quarter of that at its maximum at 160 nm. The absorption cross section (at 220



nm) of the stable compound can be estimated using the measured optical depth

of deposited benzene and of fulvene (fig. 2), known extinction coefficients of

benzene and fulvene, and assuming that one benzene molecule yields only one

product molecule. The result i3 a 2 3.8 x 10~16 cm2 molecule"1 which, assuming

a width of 10 nm for the 220 nm peak, yields an oscillator strength of S 0.9.

The 220 nm peak is also generated by photolysis of cyclohexane (CgH12, not

shown), in which case other peaks due to fulvene, etc. are less dominant.

Results for toluene (CyHg) are given in fig. 4. Again the hydrogen and

mercury lamp were used. The mercury lamp removes most of the absorption due to

nonphotostable material and leaves a "clean" band due to the stable compound.

Compared to the benzene case the absorption maximum is shifted to a somewhat

longer wavelength (226 nm). Apart from this shift the results are very

similar: in both oases a stable, more or less single peak is obtained.

200 " 240 280
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Fig. 3: UV spectrum of benzene in
argon (1/10000) at IS K after 21 hve
photolysie with the hydrogen lamp
and 17 hre with the mercury lamp.
Resolution: 1.5 nm.

1"
2

m
* 08

•

0.4

o
CH3

/I

- /

—1 r~

• hv

-

-

-

210 280
WAVELENGTH (nml -

Fig. 4: UV epeotrum of toluene in
argon (1/1000) at 12 K after 8 hre
photolysis with the hydrogen lamp
and 40 hrs with the mercury lamp.
Resolution: 1.5 nm.

The spectrum of photolyzed ortho-xylene (CgH10) is presented in fig. 5.

Photolysis of meta-xylene, para-xylene or ethyl benzene (all CgH10) produces

spectra identical to that of fig. 5. A product is formed which shows strong

light absorption around 220 nm, but unlike the spectra in figs. 1-1, clear

structure is present. The somewhat broadened band at 257 nm is probably due to
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methyl-substituted fulvene. It decreases by irradiation with mercury light.

Four peaks are clearly visible below 210 nm in fig. 5, the position of a fifth

one is also indicated. Because the light intensity of the deuterium lamp is

low in the region where the fifth peak is seen, accurate measurement of its

absorbance is impossible. The distance between the peaks, starting from the

long wavelength side, is 1788 cm"1, 2298 cm"1, 178J» cm"1 and 2131 cm"1. This

points to carbon-carbon stretching vibrations in a molecule containing triple

bonds (Aldrich Library of Infrared Spectra, 1981). The peak absorption cross

section at 222 nm in fig. 5 is about the same as that corresponding to the

peak at 220 nm in figs. 1-3.

Fig. 6 shows the result obtained after photolysis of iso-octane (CgH^).

This is an alkane, a completely different class of organic molecules than the

aromatic starting materials mentioned above. Surprisingly the sharp absorption

maxima of fig. 6 coincide with those of fig. 5. Clearly the same photoproduct

is formed, but in the case of iso-octane additional products are produced

which give rise to broad absorption around 219 nm and an absorption tail above

240 nm. Post-irradiation with the mercury lamp increases the absorption around

219 nm while reducing the tail. Photolysis of n-octane shows similar results

(not shown here).
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Fig. 5; UV speetrum of ortho-xylene
in argon (1/1000) at 12 K after 10
kre photolysis with the hydrogen
lamp and 9 hrs with the mercury
lamp. The arrow indicates the
presence of an additional feature
(see text). Resolution: 1.5 nm.

Fig. 6: UV speetrum of iso-oatane in
argon (1/1000) at 12 K after 44 hrs
photolysis with the hydrogen lamp
and 21 hrs with the mercury lamp.
The arrow indicates the presence of
an additional feature (see text).
Resolution: 0.8 nm.
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The starting molecules discussed up to now contain 6-8 carbon atoms. To

investigate what the minimum number of carbon atoms of the product species

responsible for the strong absorption around 220 nm might be, cyclopentane

(C5Hg) was also photolyzed. The result is given in fig. 7. There is strong

absorption around 221 nm, which shows substructure. A number of experiments

were carried out with larger molecules as well. The result for mesitylene

(CgH12) is given in fig. 8. It appears that intermediate products (possibly

methyl-substituted benzvalene and fulvene) are formed which are stable enough

to resist further attack by the hydrogen lamp radiation. In this case higher

energy quanta are probably required. Photolysis of biphenyl (Ci2Hi0' nofc

shown) leads to the disappearance of nearly all absorption between 200 and 300

nm except that a trace of a peak appears at 220 nm, as in the case of benzene.

210 280
WAVELENGTH Inml -

Fig. 7: UV spectrum of ayalopentene
in argon (1/1000) at 12 K after 23
hre photolysis with the hydrogen
lamp and 28 hrs with the mercury
lamp. Resolution: 0.8 nm.
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Fig. 8: UV spectrum of meeitylene in
argon (1/1000) at 12 K after 26 hre
photolysis with the hydrogen lamp
and 11 hrs with the meroury lamp.
Resolution: 1.5 nm.

Since nitrogen and oxygen are also abundant in space, molecules

containing hetero-atoms were also used. The spectrum of photolyzed 2,6-

dimethyl pyridine (C,HQN) is shown in fig. 9. There is strong absorption with

structure around 211 nm. Compared to the spectrum of the photoproduet of the

related xylenes (fig. 5) the average absorption position is shifted to shorter

wavelength. It is possible that the spectrum of fig. 9 is due to more than one

photoproduct, which all absorb in the same wavelength range. The spectrum
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shown in fig. 10 is obtained when 2,5-dimethyl pyrazine (CgHgN2) is

photolyzed. Thus it appears that nitrogen containing molecules can also give

stable photoproducts which absorb strongly near the position of the

interstellar extinction maximum.

240 280
WAVELENGTH Inml -

Hg. 9: UV epeetrum of 2,6-dimethyl
pyridine in argon (1/1000) at 12 K
aftev 11 hve photolysis with the
hydrogen lamp and 14 hve with the
merauvy lamp. Resolution: 0.8 nm.
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Fig. 10: UV spectrum of S,S-dimethyl
pyrazine in argon (1/1000) at 12 K
aftev SO hvs photolysis with the
hydrogen lamp and 24 hre with the
mercury lamp. Resolution: 0.8 nm.

Changing to oxygen containing compounds, the result of photolysis of

meta-cresol (OrHgO) is given in fig. 11. The peak at 220 nm appears to be the

same as that due to the stable photoproduct from benzene (figs. 1-3). In

addition there are many other, smaller peaks resulting from a variety of

photoproduced molecules, which extend to longer wavelengths. Apparently during

photolysis CO can be split off and the overall reaction then leads to a

photostable material with 6 carbon atoms. Similarly, during irradiation of

benzaldehyde (CrHgO, not shown) a CO molecule is removed and the same peak at

220 nm is observed. This indicates that, contrary to nitrogen, oxygen is not

easily incorporated in the ultimate photoproduct.
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Fig. 11: IN spectrum of meta-cresol in

argon (1/1000) at 12 K after 48 hrs

photolysis with the hydrogen tamp and 27

hre with the mercury tamp. Resolution:

0.8 nm.
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3.2. Infrared spectra

Infrared spectra were taken before and after photolysis of benzene,

ortho-xylene and 2,6-dimethyl pyridine. Fig. 12 shows the disappearance of the

aromatic C-H and C-C stretching bands of benzene during photolysis with the

hydrogen lamp. Simultaneously, new absorption bands appear between 3350 and

3300 cm" . Many bands appear in the range 2300-1700 cm which is presented in

fig. 13. Additional photolysis of the sample with the mercury lamp leads to

considerable changes in the 2300-1700 cm"1 region, as can be seen in fig. 11.

Many of the bands between 1800 and 1400 cm"1 are caused by absorption of water

vapor in the spectrometer. The effects of photolysis in the region from 1100

to 600 cm"1 is shown in fig. 15. Also indicated in figs. 13-15 are the

absorption bands due to CO and ̂ COg impurities, which arise from condensation

of residual gases in the cryostat and subsequent photolysis. The bands which

are formed upon photolysis are listed in table 1, together with their

assignments.

The infrared spectra of photolyzed matrix isolated ortho-xylene and 2,6-

dimethyl pyridine are similar to that of photolyzed benzene and are presented

in figs. 16-21 and tables 2 and 3.
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Fig. 12: Infrared absorption epeetra of benzene in argon (1/1000) at 12 K:

(top) - before photolysis; (middle) - after 2 hre photolysis with the hydrogen

lamp; (bottom) - after 41 hrs photolysis with the hydrogen lamp. See table 1

for band positions and assignments.
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Fig. 13: Infrared absorption epeotra of benzene in argon (1/1000) at 12 K:
(top) - before photolysis; (middle) - after 2 hre photolysis with the hydrogen
lamp; (bottom) - after 41 hrs photolysis with the hydrogen lamp. Also

indicated are the -presence of CO and
positions and assignments.

1SC0s impurities. See table 1 for band
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Table 1: Peak frequencies (in am"*) and assignments of the infrared bands

formed upon photolysis of benzene in argon (1/1000) at 12 K. j indicates bands

probably belonging to different sites of the same speeies.

v(cm )

3320

3313

3301

2341

2279

2245

2215

21641

2158)

2139

2128")

2124)

2091

2081}

2073}

2059

2046

2039]
2034)

2009")

20051
1999)

1984

1965

1953}
19481

1943)

1937)

1930)

1917

Assignment

triacetylenea

triacetylene

co2
b

1 3co 2
b

c3o
d/c3o2

f?
cnd

C4d

C0e

cn

13coe

co3
0?

c3
d

C3

C6d

c2o
f?

partly Cgd

v(cm )

1894

1886

1870

1845

1831

1824)

1818J
1816)

1543

1448

1343
1304

1231

1206

1198

1141

1079

926

913

904

894

853
850

846

832

791

771
744

737
656

Assignment

cn

cn
HOCOk?

cn

C5
cn
fulvene8

cn
trlaoetylene

fulvene

fulvene

Hh

fulvene

3,4 dimethylene eyolobutene*

fulvene

benzvaleneJ

benzvalene

co2
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Table 1 (continued)

1905 631

619

616

triaoetylene

fulvene

References: (a) Bjarnov et al., 1974; (b) Fredin et al., 1974; (a) Moll et

al., 1966; (d) Thompson et al., 1971; Weltner and MoLeod, 1966; (e) Dubost,

1976; (f) Jaaox et al., 1965; (g) Sohaltegger et al., 196S; (h) Van IJzendoorn

et al., 1983; (i) Griffith et al., 1972; (j) Griffith et al., 1975; (k)

Milligan and Jaaox, 1971; (l) Milligan and Jaaox, 1967.
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Fig. 14: Infrared absorption spectrum of benzene in argon (1/1000) at 12 K

after 41 hrs photolysis with the hydrogen lamp and 20 hrs with the mercury

lamp. Also indicated are the presence of CO and :tSC0s impurities. See table 1

for band positions and assignments.
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Fig. 15: Infrared absorption speetva of benzene in argon (1/1000) at IS K:
(top) - before photolysis; (middle) - after 2 hre photolysis with the hydrogen
lamp; (bottom) - after 41 hre photolysis with the hydrogen lamp. Also
indicated is the presence of 00% impurities. See table 1 for band positions
and assignments.
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frequency (cm I1

Fig. 16: Infrared absorption spectrum of
ortho-xylene in argon (1/1000) at 12 K
after 40 hre photolysis with the
hydrogen lamp and 18 hrs with the
meroury lamp. See table 2 for band
positions and assignments.
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Fig. 17: Infrared absorption epeatra of ovtho-xylene in argon (1/1000) at
12 K: (top) - after 40 hrs photolysis with the hydrogen lamp; (bottom) - after
40 hre photolysis with the hydrogen lamp and 18 hrs with the mercury lamp.
Also indicated are the presence of CO and COS impurities. See table 2 for
band poaitione and aaeignmente.
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Table 2: Peak frequencies (in am~^) and assignments of the infrared bands

formed upon photolysis of ortho-xylene in argon (1/1000) at 12 K. For

assignments see table 1. j indicates bands probably belonging to different

sites of the same species.

v(CBf
1)

3310

3325

3307

2311

2279

2198

2161

2139
2128

2116

2105

2093

2071")

20721
2065)

2053
2016

2032

2022

Assignment

tetra-acetylene

co2
13co 2

C1
CO
cn

13C0

co3?

v(cm )

2010

1999

1919

1895

1889

1870

1828

1823

1801)

1791)

1735

1711)

1706)

1301

1229

991?

904

656

622

Assignment

C6

cn
HCCO1?

HOCO?

Cn

H

co2
tetrar acetylene
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Fig. 18: Infrared absorption spectrum of ortho-xylene in argon (1/1000) at
12 K after 40 hrs photolysis with the hydrogen lamp and 18 hrs with the
meraury lamp- Also indicated is the presence of CO2 impurities. See table 2
for band positions and assignments.
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Fig. 19: Infrared absorption spectrum
of 2,6-dimethyl pyridine in argon
(1/1000) at 12 K after 43 hrs
photolysis with the hydrogen lamp and
22 hrs with the meraury lamp. See
table 3 for band positions and
assignments.
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Fig. 20: Infrared absorption epeotra of 2,6-dimethyl pyridine in argon
(1/1000) at 12 K: (top) - after 43 Tire photolysis with the hydrogen lamp;
(bottom) - after 43 hre photolysis with the hydrogen lamp and 22 hrs with the
meraury lamp. Also indicated are the presence of CO and 1SCOS impurities. See
table 3 for band positions and assignments.
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Table 3: Peak frequencies (in orrT1) and assignments of the infrared bands
fovmed upon photolysis of 2,6-dimethyl pyridine in argon (1/1000) at 12 K. For
assignments see table 1. } indicates bands ppobably belonging to different
sites of the same species.

v(om )

3325

3315

2311

2279

2259]
2253)

2225

2202]
2196)
21611

2157)

2139

2130

2122

2092

2078)

2072)

Assignment

cyancrtriacetylene

co2
1 3co 2

c4

CO

13CO

vfcnf1)

2017

2029

2019

1920)

1914/

1868

1838

1805

1305

1273

1257

1110

901

656

637

635

Assignment

CO3?

cn

cn

H

co2
cyancrtriaoetylene
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f r e q u e n c y (cm"1) »•

fig. 21: IR spectrum of 2;6-dimethyl pyridine in argon (1/1000) at 12 K after
43 hre photolysis with the hydrogen lamp and 22 hvs with the mercury lamp.
Also indicated is the presence of 00% impurities. See also table 3.
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4. DISCUSSION

4.1, Infrared spectra

The appearance of the bands at 3320, 3313 and 3301 cm"1 on photolysis of

benzene indicates the formation of sC-H groups (Aldrich Library of Infrared

Spectra, 1981). The bands at 3313, 3301, 1231 and 621 cm"1 are assigned to

triacetylene (H-(CsC)3-H; Bjarnov et al., 1974; Hucknall and Shepherd, 1974).

The 3320 cm"' feature points to the presence of some other alkyne species as

well.

The absorption bands in the 2300-1700 cm"1 region are indicative of

stretching modes of molecules containing triple bonds or allene-type bonds

(-C=C=C-; Aldrich Library of Infrared Spectra, 1981). A number of groups of

closely spaced features can be distinguished. The features within each group

probably belong to the same species trapped in different matrix sites (see

also table 1), which may arise as a result of photolysis. This is illustrated

in fig. 14 where the spectrum is shown obtained after the sample is, in

addition to the hydrogen lamp, irradiated with the mercury lamp. Besides

photolysis the mercury light causes heating and annealing. A comparison with

fig. 13 shows that the features are narrowed and that one site is favored over

the others. In most cases the peaks which are assigned to carbon molecules

(see below) stay. An alternative explanation would be to ascribe the features

to closely related species which, for example, differ in the number of

hydrogen atoms they have. But in that case annealing could cause

rehydrogenation, which should manifest itself in the appearance of bands in

other regions of the spectrum (notably C-H stretching and bending features due

to olefinic hydrogen), in contrast to what is observed. A number of bands are

assigned to carbon chain molecules (Weltner and McLeod, 1966; Thompson et al.,

1971; see table 1). Some bands (indicated by Cn) were not definitely

identified by these authors, but are most likely due to carbon molecules

larger than Cg. This points to the presence of dimers (or higher polymers) of

benzene in our experiments which are photolyzed and react further to give the

observed species.

Two assignments need some further comment: the 1999 cm"1 feature, which

appears upon photolysis of benzene and ortho-xylene, is identified as Cg.

Thompson et al. also assigned a weak band at 1197 cm"1 to Cg. in the benzene

experiment an absorption indeed appears at 1198 cm" after photolysis.



40

However, the intensity of this band with respect to the 1999 cm band is much

too high to be assigned to Cg, if the identification of Thompson et al. is

correct. Furthermore, the 1197 cm"1 band is not produced in the ortho-xylene

experiment. Hence, the feature at 1197 cm"1 is probably due to absorption of

some other species. A similar effect is observed for C^-. Thompson and

coworkers assigned a band at 1952 cm"1 to C5. In the benzene experiment a very

strong band is present at 1953 cm"1. The other C5 band lies at 15f4 cm"1 and

should be of comparable intensity. In the benzene experiment only a weak

feature at 1513 cm"1 is visible (not shown here). A possible explanation is

that another species is primarily responsible for the 1953 cm"1 feature.

Alternatively, this feature may indeed be due to C5 while the one at 1543 cm"1

is not.

Thompson et al. also reported some features which only appeared in the

presence of CO. A number of these are also present as impurities in our

experiments (tentatively assigned to C20, CgO/CgO2, CO,, HOCO and NCCO). A

specific assignment of all the bands is impossible at this stage. Partially

hydrogenated polyacetylenes, free radicals and ionic species may also be

involved. A small amount of olefinic hydrogen may have escaped detection in

the C-H stretching and bending regions.

From the above it is clear that photolysis of hydrocarbons tends to

result in highly unsaturated photoproducts, i.e. hydrogen tends to be

released. Corroborative evidence for this (and thus for the presence of free

radicals or ions) is presented by the absorption at 901 cm"1 which appears in

all experiments, and which is probably due to matrix isolated H atoms

(Bondybey and Pimentel, 1972; van IJzendoorn et al., 1983). Alternatively, the

904 cm absorption may be assigned to ArnH* complexes, as suggested by

Milligan and Jacox (1973).

The presence of fulvene in the matrix is indicated by the absorption

bands at 1343, 1079, 926, 894, 771 and 616 cm"1 (Schaltegger et al., 1965).

The weak features at 744 and 737 cm"1 may be due to benzvalene (Griffith et

al., 1975) and the band at 791 cnf1 which was visible only after 8 hours of

photolysis, to 3,4-dimethylene cyelobutene (Griffith et al., 1972).

The spectra of photolyzed ortho-xylene and 2,6-dimethyl pyridine are

similar. Again, the *C-H stretching and bending vibrations are clearly

visible. They are probably due to tetra-acetylene (H-(C«CK-H) and eyano-

triacetylene (H-(C"C) -CN), respectively (see also section 4.2).
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4.2. Ultraviolet spectra

It turns out that vacuum ultraviolet photolysis in an argon matrix at low

temperature of several relatively simple organic molecules leads to

photoproducts which show strong absorption around 200-235 nm. The

photoproducts appear to be stable to further irradiation by ultraviolet light.

In a number of cases photolysis of different starting compounds leads to the

same end product. For example, photolysis of benzene, cyclohexane, meta-cresol

and benzaldehyde give rise to the same peak at 220 nm. CO is removed in the

latter two cases. Similarly the characteristic band structure shown in fig. 5

appears during photolysis of the three different xylenes, ethyl benzene, n-

octane and iso-oetane. Apparently absorption of high energy light quanta gives

rise to removal of hydrogen (see also section 4.1) and formation of highly

unsaturated product molecules, depending on the number of carbon atoms in the

starting molecule and more or less indepent of the structure of the compound.

Stable photoproducts are also formed starting from nitrogen containing

compounds. This has been demonstrated for two particular cases (figs. 9 and

10). Nitrogen can form triple bonds and, hence, can easily be incorporated in

highly unsaturated molecules. For oxygen containing molecules the situation is

different: photolysis of two such molecules (meta-cresol, benzaldehyde)

appeared to lead to removal of oxygen in the form of CO.

The question remains which molecules are produced during photolysis that

give rise to the strong absorption around 200-235 nm. The infrared

measurements indicate that polyacetylene or cyano-polyacetylene chain

molecules are present. Starting from benzene (CgHg) the photoproduct

triacetylene (H-(C=C) -H) is observed. Similarly from ortho-xylene (CgH10) and

2,6-dimethyl pyridine (C^-HgN) one probably obtains the product molecules

tetra-aeetylene (H-(C"C)i,-H) and cyano-triacetylene (H-(C=C)g-CN), respective-

ly. The absorption spectra in the ultraviolet of a number of polyacetylenes

are known (Kloster-Jensen et al., 1974; Haink and Jungen, 1979). In particular

the extremely intense B bands, which are 1E* • Z* transitions, are of great

interest here. For trlaoetylene the B band (around 182 nm in the gas phase)

shows little structure, somewhat similar to the 220 nm peak in figs. 1-3. On

the contrary for tetra-acetylene the B band system (from 207 nm downwards in

the gas phase) shows a great deal of structure, nearly identical to the

spectrum of fig. 5. A special feature of the B bands is the large solvent

shift (to longer wavelength) when going from the gas phase to a solution. For



tetra-acetylene the shift is about 15 nm in an n-pentane solution. Similarly,

for penta-acetylene it is of the order of 23 nm. This suggests strongly that

the peak at 220 nm in figs. 1-3 is caused by triaoetylene and that the

spectrum of fig. 5 is due to tetra-acetylene. Apparently the absorption bands

in our experiments are shifted considerably with respect to the gas phase

values. Of course this requires experimental verification, but our

observations strongly support this identification. For example, it is then

understandable why so many different starting compounds all yield the same

photoproduet. In line with these considerations photolysis of toluene (fig.

*)), containing an odd number of carbon atoms, is thought to yield the linear

molecule CHJ-(C2C)J-H or possibly H2C=C=C=C=C=C=CH2. Clearly, if nitrogen is

present it will occupy an end position in the product molecule. In the oase of

fig. 7 (cyclopentene) the situation is somewhat obscure. Possibly a C^

compound is formed, together with radicals.

It is worth noting that polyacetylene and cyano-polyacetylene molecules

have been found in quenched carbonaceous composite (QCC; Sakata, 1980). After

extraction with methanol, which supposedly removes these molecules, the QCC

shows a pronounced hump at 217 nm (Sakata et al., 1983). The molecules

producing the hump in QCC are possibly related to polyacetylenes or cyano-

polyacetylenes. For example, they might consist of some sort of polymers of

these species (see note added in proof).

5. ASTROPHYSICAL IMPLICATIONS

Unquestionably in space, under the influence of vacuum ultraviolet

irradiation, photochemistry will take place. It is not unlikely then that

photoproducts are generated which are similar to those observed in the

laboratory. Such photoproducts can be made from a variety of starting

molecules. As pointed out in the previous sections polyaoetylene- and cyano-

polyacetylene type molecules are formed. The fact that many such molecules

have been observed in space (Mann and Williams, 1980; Walmsley et al., 1984;

Bell and Matthews, 1985) is consistent with this view. As shown in our

experiments the matrix shift for polyacetylene and cyano-polyacetylene

molecules is quite large, to well above 200 nm for triacetylene in argon for

example. Thus, if such molecules are contained in amorphous grains, they can

give rise to the 217.5 nm hump in the interstellar medium, the width
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(36—48 ran; Nandy et al., 1975; Savage, 1975) being determined by the different

molecules present and by solid state interactions. The band structure of

individual molecules will tend to wash out. The polyacetylene and cyano-

polyacetylene molecules are continuously formed in the interstellar medium,

hence their lifetime need not be infinitely long. The abundance of elements in

spacs and the dynamics of events probably limit their ultimate molecular

weight.

Assuming that polyacetylene and cyano-polyacetylene molecules account for

the hump, their abundance in space can now be calculated using triacetylene as

a typical example. In section 3.1 a cross section of £ 3.8 x 10~1° cm2 was

calculated for triacetylene. The lower limit was obtained by assuming that all

the benzene was converted into fulvene and triacetylene. Indeed, reported (gas

phase) values for similar molecules are slightly higher, e.g. acetylene:

4.3 x 10"1^ cm2 (Nakayama and Watanabe, 196^), dimethyl triacetylene

(CH3-(C=C)3~CH2): 5.2 x 10~16 cm2 (Armitage et al., 1952). We will adopt

a - 1.5 x 10"1 cm2 for triacetylene, resulting in an oscillator strength f of

- 1.1. The column density of absorbers in the line of sight, N a, for a

particular absorption can be calculated using the well-known formula

1 " mc2 V a
f

(Spitzer, 1978), where W is the equivalent width of the absorption, e2/mc

A
the classical radius of the electron, A. the peak wavelength and f the
oscillator strength. Substituting the above f-value and W. = 450 A mag"1 for

* ic _2 -i
the hump (Nandy et al., 1975), one arrives at N - 9.5 x 10 cm mag for

a

the column density of absorbers. The number of carbon atoms providing the hump

is then (6 carbon atoms per molecule) N. - 5.7 x 10 cm mag . The total

column density of carbon atoms per unit reddening can be calculated using the

relation

5.9 x 1021 cm'2 mag"1

(Spitzer, 1978) and the number of carbon atoms relative to hydrogen

(~ 3.7 x lO"*1; Greenberg, 1978). The result is Nr - 2.2 x 101" cm"2 mag"1.
°total

Comparing N c and N c , it follows that about 358 of the carbon is locked up

in polyaeetylenes and cyano-polyacetylenes, if these molecules account for the

217.5 nm interstellar hump.



Polyacetylene and oyano-polyacetylene molecules might show up in other

regions of the extinction curve as well. An interesting possibility is

provided by the 3 Mm spectrum of the galactic centre source IRS 7 (Butchart et

al., 1986). The C-H stretching vibrations of polyacetylenes and cyano-

acetylenes absorb at 3.0 pm and on the basis of our experiments a rough

estimate of their possible contribution to the infrared extinction observed

towards IRS 7 can be made, assuming that this extinction is largely due to

normal diffuse cloud material. The ratio of the number of C-H bonds of

tetrahedally bonded carbon, which gives rise to the observed 3.1 \m feature,

and the total amount of carbon towards IRS 7 is

(Schutte and Greenberg, 1986). Assuming 356 of the carbon in polyacetylenes and

cyano-polyacetylenes and one third of this carbon having an H attached to

itself (e.g. triacetylene), one finds

In general, the integrated absorbance values for the C-H stretching modes of

-C-H and *C-H groups are similar (see for example Callcmon et al., 1951

(acetylene); d'Hendecourt and Allamandola, 1986 (n-pentane)). However, the

widths of the bands are about a factor of 2 smaller for =C-H groups (Aldrlch

Library of Infrared Spectra, 1981), so that the cross sections at peak

wavelength (<r) will be twice as large. The ratio of the optical depths at

3.0 (»C-H) and 3.t um (-C-H) can be expressed as

Substituting the numbers above, one arrives at

?•*-....
T3.n

which is below the detection limit.

In the preceeding calculation it was assumed that only the molecules

producing the observed 217.5 run hump give rise to 3.0 m absorption. If the

polyacetylenes and cyano-polyacetylenes are also part of the large



(a - 0.1 u"0 grains responsible for the visual extinction, the situation will

be different: these grains will not contribute to the 217.5 nm hump because

the extinction of 0.1 pm sized particles is saturated in this wavelength

region (Greenberg, 19T8), but they do provide extinction at 3.0 pm. In order

to estimate this contribution one has to take the volume ratio of the large

and the small grains into account, which is about 10 (Greenberg, 1985b). In

that case the extinction at 3.0 ura towards IRS 7 due to *C-H groups would be

10 times larger and a similar optical depth as for the 3.4 ym feature would be

obtained. The observed interstellar 3.0 um absorption band is probably not due

to »C-H stretching bands in view of its width and can be fitted with

absorption of H20 in a dirty ice mixture (Schutte and Greenberg, 1986). The

conclusion is therefore that the grains providing the visual extinction do not

contain a substantial amount of polyacetylene and cyano-polyacetylene

molecules. It may be that the grains containing the polyacetylene molecules

comprise a separate population of grains, not connected in any way to the

visual grains. However, the hump correlates extremely well with E(B-V) (Mandy

et al., 1975; Savage, 1975; Dorschner et al., 1977; Greenberg and Chlewicki,

1983). A more likely explanation which would account for this correlation is

to assume that these polyacetylene containing grains originate from organic

refractory (O.R.) particles, which have been ejected from the O.R. mantle of

the visual grains by processes such as chemical explosions or shocks

(Greenberg, 1982; 1986) and which are subsequently further photoprocessed.

That these small O.R. grains apparently undergo a chemical evolution different

from the O.R. mantle material is probably a size effect: the small particles

may tend to be hydrogen poor because the cage effect is less important so that

hydrogen atoms can leave the grain more easily through diffusion upon

photodissociation of a C-H bond or heating of the grain.

Interstellar grains pass from diffuse clouds through molecular clouds and

back as part of a repeating cycle in their development (Greenberg, 1982). If

the small grains carrying the polyacetylene and cyano-polyacetylene molecules

enter the moleoular cloud phase they Hill accrete along with the icy mantles,

become part of the photochemistry of the ices and will probably become

chemically modified. One would therefore expect the hump to decrease inside

molecular clouds, in agreement with observations (Bless and Savage, 1972;

Savage, 1975; Bohlin and Savage, 1981; Whittet et al., 1981; Chlewicki, 1985).

A search was made in the visible and ultraviolet part of the spectrum in

our experiments for absorptions resembling the diffuse interstellar bands



(DIB's; Herbig, 1975). Only a few very weak bands were observed, which did not

match with any of the DIB's. Ultraviolet and visible absorption bands

presumably due to linear carbon chain molecules have been observed by

Kratsehmer et al. (1985). The infrared spectra presented in this chapter

indicate that these molecules are also present in our samples. However, such

absorptions were not found in the ultraviolet and visible region (except that

possibly Cjj contributed to the 246 nm fulvene double peak of figs. 1-3). This

may be explained by the fact that the oscillator strengths of these bands are

at least 10 times lower than those of the polyacetylenes and eyano-

polyacetylenes (Kratschmer et al., 1985) and therefore probably escaped

detection.

Certainly if large quantities of unsaturated molecules are present in

space this may come out in the visible part of the spectrum. Part of the

molecules may be present in the gas phase and under the influence of the

ultraviolet flux become an ion or radical. For di-, tri- and tetra-acetylene

the ionization energy is about 9-10 eV (Allan et al., 1976). Excitation and

emission spectra of the cations of these molecules in the gas phase in the

visible part of the spectrum have been reported (Allan et al., 1976;

Klapstein et al., 1984). A comparison between these spectra and the DIB's does

not show a convincing agreement. On the other hand, it takes less

energy (- 525 kJ/mole or 5.4 eV) to remove a hydrogen atom from a

polyacetylene molecule and form a neutral radical. Absorption by these

radicals could possibly contribute to the diffuse bands. Since the total

extinction due to the DIB's is only a small fraction of that due to the hump

(Herbig, 1975; Nandy et al., 1975), only a small amount of such radicals (in

the gas phase) relative to the neutral molecules (in the solid phase) would be

needed.

6. CONCLUSIONS

Vacuum ultraviolet photochemistry of simple organic molecules suspended

in an argon matrix at 12 K has been studied. The aim of this research was to

investigate the possible role of organic molecules in space with regard to the

extinction curve in the ultraviolet part of the spectrum.

It appears that, starting from a variety of molecules, photostable

products are formed which nearly always show strong absorption
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(a 2 1 x 10 cm2) in the 200-235 nm range. The ultimate product is

determined by the number of carbon and nitrogen atoms in the starting

molecule, and independent of the structure of the compound. Apparently

hydrogen is removed during photolysis, resulting in highly unsaturated product

molecules. This conclusion is strengthened by the infrared spectra which

indicate the formation of triple bonds and the presence of trapped H atoms.

Photolysis of oxygen containing molecules leads to removal of CO. Using the

results of the ultraviolet and infrared spectra, the species which show the

strong absorption between 200 and 235 nm could be identified as polyacetylene-

and oyano-polyacetylene type molecules.

It is suggested that a mixture of polyacetylene and cyano-polyacetylene

molecules, a number of which have been detected in space, can account for the

217.5 nm interstellar extinction hump. In view of the large matrix shift

needed, the molecules have to be part of dust grains. The high oscillator

strength of the ultraviolet absorption of polyacetylenes and cyano-

polyacetylenes implies that as little as 3% of the available carbon in space

needs to be locked up in these molecules.

NOTE ADDED IN PROOF

Recently, the research reported in this chapter has been extended to

include photolysis of astrophysically more relevant mixtures. Smaller

molecules and more concentrated mixtures than those studied before have been

used. The results of these experiments are reported now.

In fig. 22 the ultraviolet absorption spectrum is shown of a mixture

containing argon and butadiene, Ar/CuHg (2/1), photolyzed with the hydrogen

lamp for 21 hrs at 12 K and subsequently warmed up. After evaporation of

unphotolyzed butadiene a broad (FWHH - 28 nm) and almost structureless

absorption remains, with an absorption maximum at 226 nm. The spectrum shown

in fig. 22 is taken at 185 K. Upon further wartnup the absorption broadens and

shifts to longer wavelength. In addition, the intensity of the absorption

decreases. Ultimately at room temperature a weak absorption remains, peaking

at 210-215 nm. A mixture of argon and acetylene, Ar/C2H2 (2/1), also produces

a broad absorption centered at 226 nm upon photolysis and warmup (not shown).

In the case of aorylonitril, Ar/C3H3N (2/1), an absorption at - 215 nm is

obtained (also not shown).



Fig. 22: Ultraviolet absorption spectrum
of butadiene in argon (1/2) at 18S K
after 24 hrs photolysis with the
hydrogen lamp at 12 K. Resolution: 1.5

240 280
WAVELENGTH Inm)

Fig. 23 shows the infrared spectrum from 3500 to 2700 cm"1 of an
) mixture, photolyzed with the hydrogen lamp for 19 hrs at 12 K and

warmed up to 200 K. The features at 2952, 2916 and 2855 cm"1 (the last one is
probably a blend of 2 bands) are indicative of saturated hydrocarbons (Aldrich
Library of Infrared Spectra, 1981). These bands are formed at 12 K and remain
up to room temperature. There is no significant absorption in
the «C-H stretching region around 3300 cm"1 (some structure seems present in
this region, but this may be noise).

0.00
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CHj=CH-CH=CH2
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Fig. 23: Infrared absorption epeotrwn of butadiene in argon (1/2) at ZOO K
after 19 hro photolysis with the hydrogen lamp at 12 K.
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By analogy with the experiments described earlier in this chapter, we

tentatively assign the strong absorption at 226 nm shown in fig. 22 to a

polyaeetylene like species. Because the band seems to appe. r upon warmup, it

is probably caused by some polimerization process. The broaaening and shift to

longer wavelength of the band indicate that the absorbing species reacts

further during warmup, possibly forming longer chains. In the acrylonitril

experiment a cyano-polyacetylene like species is possibly produced.

The infrared spectrum of fig. 23 shows that a large fraction of the

photolyzed and warmed up material consists of saturated hydrocarbons, which

are not responsible for the strong ultraviolet absorption. Apparently the

process of hydrogen removal is not very efficient in our experiments. We

suspect that enhancement of the hydrogen removal efficiency will convert a

larger fraction of the material into the species responsible for the strong

absorption in the ultraviolet. Experiments are in progress to achieve such an

enhancement.
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C H A P T E R IIA

VISIBLE AND INFRARED SPECTROSCOPE OF DIRTY ICES

AND ORGANIC RESIDUES

ABSTRACT

Consideration is directed to the question of whether absorption of

impurities embedded in grain mantles can aaoount for the diffuse interstellar

bands, by simulating these mantles in the laboratory. Visible and infrared

spectra are presented of dirty iaes, which, were prepared by passing mixtures

of gases composed of Hs0, 02, CH3OH, CO, CH4, C2H2'
 C6^6 an^ mS through a

microwave discharge and aondeneing the products onto a aold substrate (T - 12

K). The absorption features in the visible spectra are assigned to ̂ 2 ^ » °g'

Wg and SOg. In addition, spectra of the organic residues of these iaes which

remain after warmup were taken. The visible spectra of these residues do not

show any narrow band structure, while the infrared spectra indicate the

presence of aarboxylic acids, alcohols, amines and amides. On the basis of

these experiments it is concluded that the diffuse interstellar bands are not

caused by impurity absorptions in grain mantles.
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1 . INTRODUCTION

The diffuse interstellar bands (DIB's), which are observed in the spectra

of reddended stars, form a series of approximately 50 visible absorptions

extending from 113 nm into the near-infrared (Herbig, 1975). After their

interstellar origin was recognized (Merrill, 193D, identification of the

carrier(s) has become a classic problem in modern astronomy. Two general

classes of possible explanations for the DIB's can be distinguished:

impurities embedded in interstellar grains and gas phase molecules. Positive

correlation of the features with extinction (Herbig, 1975; Snow et al., 1977)

and the lack of rotational fine structure in the lines up to a resolution of

0.005 nm (Snell and Vanden Bout, 1981) has often been taken as an indication

that the DIB's are associated with solid state impurities. However, recent

observational studies show that the degree of correlation with E(B-V) varies

from one line to another (Wu et al., 1981; Chlewicki et al., 1986).

Alternatively, the lines can be explained by electronic or vibronic

transitions of gas phase species, although no specific spectroscopic

identification has so far been proposed. Recently, the gas phase hypothesis

has received renewed attention (Douglas, 1977; Leger and d'Hendecourt, 1985;

van der Zwet and Allamandola, 1985 (chapter IIB of this thesis)).

The peak wavelengths of some of the DIB's are close to those of the

strongest features in the visible spectra of the radicals NCO, NH2 and HCO,

when suspended in inert cryogenic matrices (Allamandola et al., 1979). Baas

(see Greenberg, 1982a) experimentally investigated whether these and possibly

more complex radicals could be stabilized, not in inert gas matrices but in

interstellar ice analogs ("dirty ices"). The initial results were very

encouraging, as can be seen in fig. 1: photolysis with a microwave powered

hydrogen discharge lamp of mixtures containing CO, CH^, H2O and NHj at 12 K

produced three weak absorptions that had approximately the same band positions

as three of the stronger DIB's, namely those at 413.0, 577.8 and 579.7 run.

Apart from these three features no other visible absorptions were detected.

Wdowiak (1980) reported a number of absorption features resembling DIB's in

the visible spectra of the condensed products of a microwave discharge in

Ar/CHU (200/1) mixtures.
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Fig. 1: Comparison of the 443.0, 577.8 and 579.7 nm DIB's with the absorption

bands that appear upon photolysis of a mixture of CO, CH^, NHg and HgO at

12 K. The spectra shown in frames (a) and (b) are taken from Wampler (19S6)

and Herbig (1975), respectively. This figure has been reproduced from

Greenberg (1982a).

To explore the possibility that additional DIB's might be due to more

complex species, the research of Baas was extended by condensing the products

of a microwave discharge in dirty ice gas mixtures at 12 K. In this chapter,

the results of these experiments are reported. The ices prepared in this way

are probably more heavily processed than the corresponding photolyzed mixtures

and therefore more closely resemble the grain mantle material in diffuse

clouds. Along with the visible spectra, we present infrared spectra of some of

these ices and their organic residues which remain after warmup of trie frozen

products under vacuum to room temperature. This organic residue ("organic

refractory") is presumed to be the main constituent of the grain mantles in

diffuse clouds (Greenberg, 1982b). The question whether impurities in core-

mantle grains (a - 0.1 pm) can account at all for the DIB's, in view of the

strong asymmetry predicted for absorption features of to these impurities (van

de Hulst, 19^9; Greenberg and Hong, 1976; Chlewicki et al., 1986), is not

adressed in the present chapter.



58

2. EXPERIMENTAL

Fig. 2 schematically shows the vacuum chamber configuration. Two

different types of quartz discharge tubes were used: one which consisted of a

simple tube connected to the vacuum chamber via a brass "O"-ring compression

fitting (fig. 2a) and one fop which the tube and the flange were made of a

single piece of quartz (fig. 2b). The tubes had a 13 mm diameter and a 1 mm

orifice. The configuration of fig. 2a suffered from the limitation that upon

long duration deposition the brass flange would get hot, causing a leak

between it and the sample chamber. The microwave discharge supply (Opthos

Instruments, 2450 MHz) was operated at a 50-70 W power level and the Evenson

microwave cavity was adjusted to extend the discharge glow as close to the

orifice as possible (generally within a few mm of the orifice), while keeping

the reflected power at a minimum level. During deposition the pressure in the

discharge tube was approximately 10 Pa (- 0.1 Torr).

Gas mixtures were generally deposited for a 12 hr period at a rate of

0.06 mMol/hr for the visible spectra and a 10 min. period at a rate of 0.12

mMol/hr for the infrared measurements, onto a rotatable substrate cooled to

gas
discharge

'O-ring
compressio
fitting

\brass
flange

cooled
microwave
cavity

12 K

quartz

Fig. 2: Schematic of the sample chamber shotting the two different discharge

tubee ueed: (a) straight quarts tube mounted in a metal "0"-ring aompreeeion

fitting; (b) blown quartz tube.
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12 K by an Air Products CSW-202A displex closed cycle helium refrigeration

system. The mixtures were prepared in a greaseless glass vacuum line using

standard gas handling techniques. The gases used were: CO, C.P. 99.5%

(Matheson), further purified by filtration through a combination molecular

sieve-activated charcoal filter; CH|,, 99.95$ (Aga)j NHj, 99.6? anh.

(Matlieson); 02, 99.5? (Hoekloos); and C2H2, 99.6% (Matheson). The liquids

CH3OH (p.a.), CgHg (benzene, p.a.) and HgO (distilled and demineralized) were

further purified by several freeze-thaw cycles under vacuum.

Visible absorption spectra between 400 and 700 nra were recorded in

transmission (sapphire substrate) with a 0.5 m Spex spectrometer (model 1870,

f/6.9) placed between the light source (250 W quartz-halogen lamp) and the

sample. Slits of 200 |jm were used, corresponding to a resolution of 0.6 nm. A

polarizer was mounted behind the entrance slit in such a way that only light

polarized parallel to the direction in which the grating was ruled was let

through. This minimized the magnitude of a "Wood-anomaly" in the spectrum (see

section 1.1). The spectral response of the configuration used for obtaining

visible spectra is shown in fig. 3.

500 600
WAVELENGTH (nm) "

Hg. S: Typical visible tvanen&seion baseline speatvum showing the epeotval
reeponee of the system.



60

Infrared absorption spectra between 1000 and 500 cm"1 (2.5 and 20 yro),

with a resolution of 2 cm"1, were obtained in reflection (aluminum substrate)

with a Fourier transform spectrometer (Digilab FTS-15 B/D) connected to a

Nova 2 minicomputer.

In some experiments the samples were further photolyzed with ultraviolet

radiation from a high pressure mercury lamp (A > 200 run, Oriel, 200 W)

equipped with a 10 cm pathlength water filter placed between the lamp and the

sample in order to minimize heating of the sample during Irradiation. In

addition, a microwave powered hydrogen discharge lamp (A = 1 6 0 nm) was
JliSX

occasionally used.

3. RESULTS

3.1. Visible spectra

The visible spectra of the discharge products of the following gas

mixtures and pure materials have been measured: CH30H/H2O/O2/NH3 (3/3/3/1).

CH30H/H2O/O2 (1/1/1), CH3OH/H2O/NH3 (3/3/1), CO/CHn/H2O/NH3 (10/1/2/1),

C2H2/CgHg/H2O/NH3 (2/2/2/1), CHj,, CgHg, as well as the spectra of the

different organic reaidues which remained after warmup to room temperature.

The absorption spectra of some of these residues, after recooling to 12 K and

subsequent photolysis with the hydrogen lamp, were also measured.

Fig. la shows the U00-700 nm spectrum of the CH3OH/H2O/O2/NH3 (3/3/3/1)

mixture deposited at 12 K without having been passed through a microwave

discharge. The absorption bands at 611.1 and 590.0 nm, as well as the weaker

features at 515.1, 510.0, 188.8, 159.8, I36.8 and 113.7 nm, are due to oxygen

dimers ((02)2). see section 1.1 for a discussion of the assignments). The

spectrum of the discharge products of the same mixture is presented in

fig. 1b, while the spectra of the condensate after 0.5 and 21 hrs of mercury

lamp photolysis are shown in fig. 1c and d, respectively. Many of the

absorption features are weak and barely visible. The band positions and their

assignments are listed In table 1.

The (unphotolyzed) spectra of the discharge products of the mixtures

CH3OH/H2O/O2 (1/1/1) and CH3OH/H2O/NH3 (3/3/1) are presented in figs. 5 and 6,

respectively. The oondensates from the other mixtures, as well as from pure

Chj, and CgHg do not show any visible absorption bands.
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Table 1: Peak wavelengths (in nm) and assignments of the visible absorption

bands which appear in the discharge products of CH3OH/H2O/Oz/Mis (3/S/3/1)

deposited at 12 K. Because the spectrum of J}02 in the visible region is very

complex, no assignments are given for this radical.

Unm)

112.0

119.9

126.8

137.1

116.3

151.1

165.6

171.1

183.1

196.7

515.7

533.2

539.5

562.9

578.3

585.1

591.3

631.1 *

672.1

Assignment

N02
a

(°2>2b
N02

N02

N02, (0 2) 2

N02

N02

NO2> (O 2) 2

N02

N02, (02)2

N02

(O 2) 2

N03
c

N03

(0 2) 2

9

NO3

JNO3
l(02)2
N03

180-700 0 3
a B 1B, • X 1A,

(2 * 0)

(1 - 0)

(0 * 0)

(3 «- 0)

(2

(1

(3

(1

(2

(1

(0

(0

<- o)
- 0)

* 0)

* 0)

* 0)

* 0)

* 0)

«• o)

References: (a) Hall and Blaaet, 1952; Biet et at-, 1977; Bolduan and Jodl.

1982; (b) Landau et al., 1962; (a) De Move and Davidson, 1959; Hevaberg, 1966;

(d) Inn and Tanaka, 1953.
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deposited without discharg

0-0

deposited through discharge

I I I
400 500 600

WAVELENGTH (nm)-
700
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i 1 1 r
CH3OH/H2O/O2/NH3 (3/3/3/1)
discharge * 0,5 hrs photolysis

500 600
WAVELENGTH (nm|-

700

Fig. 4: Visible abeovption epeatva of CBs0B/H20/0g/NH3 (3/3/3/1) at 12 K: (a)
deposited aithout a discharge; (b) deposited through a diaoharge;
(o) deposited through a discharge + 0.5 hre photolysis with the meroury lamps
(d) deposited through a discharge + 24 hrs photolysis. See table 1 for band
positions and assignments. Arroae in fig. 4b and a indicate weak absorption
features due to N02-
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i

CH3OH/H2O/O2 (1/1/D
deposited through discharge

400 500 600
WAVELENGTH (nm|

700

Pig. 5: Visible absorption spectrum of the discharge products of CHs0H/H20/02
(1/1/1) deposited at 12 K. See table 1 for band positions and assignments.
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CH3OH/H2O/NH3 (3/3/1)
deposited through discharge

iOO 500 600
WAVELENGTH |nm|

700

Fig. 6: Visible absorption spectrum of the discharge products of

SH3 (3/3/1) deposited at 12 K. See table 1 for band positions and assignments.

The visible spectra of the organic residues at room temperature do not

reveal any absorption bands either. Instead, the UV-VIS spectra of organic

residues are characterized by continuous absorption increasing towards the

ultraviolet with a band usually oentered around 300 ran (van Uzendoorn, 1985).

3.2. Infrared spectra

The infrared absorption spectrum from H000-500 cm"1 of the disoharge

produots of the CH3OH/H2O/O2/HH3 (3/3/3/1) mixture condensed at 12 K is
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displayed in fig. 7a. In many respects, the spectrum is similar to those of

photolyzed dirty ices (d'Hendecourt et al., 1986). Some of the stronger bands,

in particular the 3 pm H.>u absorption and the bands due to C0 2, CO and

possibly Oj at 2315, 2111 ^ud 1039 cm"1, respectively, are saturated. Fig. 7b

shows the spectrum of the same sample taken after 0.5 hrs photolysis with the

mercury lamp. The infrared spectrum of the discharge products of the

CO/CHi/HgO/NI^ (10/i)/2/1) mixture is presented in fig. 8. The band positions

of the absorptions and their assignments are listed in table 2 (see section

1.2 for a discussion of these assignments).

0.0

0.5

Ul
o
I 1.0
CD

cc

§0.0

0.5

T _ I I \ I I I I

£000

o3

N2O5 N2O5

0 3

CH3OH/H2O/<VNH3 (3/3/3/11
deposited through discharge

H 1 1 1

after 0.5 hrs photolysis

i I I
3000 2000

FREQUENCY (cm'1)
1000

Fig. 7: (a) Infrared absorption epeotrum of the discharge products of

CH30H/H20/0s/NH3 (3/3/3/1) deposited at IS K; (b) spectrum of the earn sample

after 0.5 hra photolysis uith the meroury lamp. See table 2 for band positions

and assignments. Tha etrong H2°
 oand at 3.0 m and the C0s, CO and possibly 0s

absorption at 2345, 2141 and 1039 otiT*, respectively, are saturated.
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Table 2: Peak frequencies (in am~*) and assignments of the infrared absorption

bands ahich appear in the discharge produats of CH^0H/H20/02/NH^ (3/3/3/1) and

C0/CH4/Hs0/NH3 (10/4/2/1) deposited at 12 K.

CH30H/H20/02/NH3

(3/3/3/1)

v(cm )

3704

3700-2500

2840

2620

2345

2327

2279

2262

2235

2141

CO/CH4/H2O/NH3

(10/4/2/1)

v(cra )

3704

3700-2500

3011

2905

2830

2345

2327

2279

2264

2250-2140

2239

2142

Assignment

C0 2
a, H 2O

b

H2O, NH 3
G, CH30H

d

H 2C0
f

CH30H

H2C0

CH3OH

co2
C i 800 a

1 3co 2
a

HNC0g

CO phonon wing

Np/)1

COh

2112

2093

2043

1878

1707

1634

1613

1550-1250

1301

2092

1875

1848

1816

1780

1719

1634

1613

1499

1303

1249
1183

co3"

MO1

HCO"1

H 2 C 0

c. 5
H2O,

H2C0

CH3OH

CHj,

H2CO

H2CO
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CH3OH/H2O/O2/NH3

(3/3/3/1)
v(cra )

11 UO

1108

1039

1COO-500

957

882

803

781

706

658

CO/CHjj/HgO/NHj

(10/4/2/1)
v(cm"1)

1096

1039
1000-500

958

875

658

Assignment

CH30H

?

NH3

O3, CH3OH

H20

C2H„e?

N2O5?

?

iSO-^Oi,1?

°3
co2

(a) Fredin et al., 1974; (b) Beaker and Pimentel, 1956; (a)
Pimentel et al., 1962; (d) Barnee and Hallam, 1970; (e) Hersberg, 1945; (f)
KhoehTOioo and Nixon, 1973; (g) Milligan and Jaaox, 1965; (h) Eaing and
Pimentel, 1961; (i) Milligan and Jaaox, 1967; (j) Be More and Davidson, 1959;
(k) Molt et al., 1966; (l) Fateley et al., 1959; (m) Milligan and Jaaox, 1971.

0.0

kN
C

E

m
g 0.5
to

I
1.0

1

i

I

1

hf V
/

ff

i

(Kr1

i

i i

CO/CH4/Hj0/NH3

deposited through

1 1

1

\ ÀY
(10/4/2/11
discharge

i
4000 3000 2000

FREQUENCY (cm"1)
1000

Fig. 8: Infrared absorption epeatrum of the dieaharge products of

SH3 (10/4/2/1) deposited at IS K. See table 2 for band positions and

assignments.
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The infrared spectra of the organic residues at room temperature obtained

from the mixtures CO/CH3OH/H2O/NH3 (5/3/3/O. CO/CIty/f^O/M^ (10/4/2/1) and

CO/t^O/NHj/CH,, (33/33/33/1) are shown in fig. 9a, b and c, respectively. While

they are different, some similarities are evident. The most prominent feature

in all of them is a very strong, broad band which peaks at about 1300 cm"1. In

addition, they all possess a sharp feature at 830 cm"1. There is also a broad

absorption extending from about 3t00 cm"1 to 2000 cm"', whose form is

different from one residue to the other. These bands are qualitatively the

same as those of the residues produced by the photolysis of dirty ices,

originally described by Hagen et al. (1979). The conclusion drawn then, that

the spectra indicate the presence of carboxylic acids and molecules containing

amino groups, is also valid for the discharge produced residues considered

here (see also section t.2).

4000 3000 2000
FREQUENCY (cnrT1)-

1000

Fig. 9: The infrared absorption spectra of the organic residues which remain

on the substrate after warmup to room temperature. They were produced from the

discharge products of the following mixtures: (a) CO/CHSOH/H2O/NH3 (5/3/3/1);

(b) CO/CH4/H2O/HH3 (10/4/2/1);(a) C0/H20/N8s/CH4 (33/33/33/1).
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1. DISCUSSION

1.1. Visible spectra

As shown in fig. Id, after 21 hrs photolysis with the mercury lamp of the

CH^OH/l^O/O^NHj (3/3/3/1) mixture only two relatively strong absorption bands

remain. Their peak wavelengths are 631.1 and 578.3 nro and they are attributed

to the 0 * 0 and 1 <• 0 bands of the (1A + 'A ) «• (^Z~ * ^Z~) transition of

(0 2) 2, in which both 0 2 molecules are electronically excited (Ellis and

Kneser, 1933; Landau et al., 1962). Other (weaker) members of the same

progression can be seen at 533.2 (2 <- 0) and 196.7 nm (3 <• 0). The 0 <• 0,

1 «• 0 and 2 *• 0 bands of another "double" electronic transition, ( A + Z*)
n - q _ 6 g

*• { I * Z ), barely visible at 171.1, 116.3 and 119.9 nm, confirm the (Op),
o o

identification. With the exception of the 631.1 ran band, the profiles of the

(0 2) 2 bands show a sharp edge on the long wavelength side with a gradual

decrease from the peak towards the blue, characteristic for these transitions

in a-oxygen, the low temperature form of oxygen (Landau et al., 1962). The

wing arises from coupling of the upper state of the transition with the low

energy lattice vibrations ("phonon wing"). Using the integrated absorption

coefficient for the 631.1 nm band (1.0 x 10^ cm~2; Landau et al., 1962), the

number of 0 2 molecules in the sample which has been photolyzed for 21 hrs

(fig. Id) is estimated to be - 1.9 x 1020. The total number of molecules that

passed through the discharge was - 1.3 x 10 , so that a large fraction of the

species in the photolyzed sample consists of 02.

Comparison of fig. 3 with fig. 1b and c reveals the presence of a very

broad absorption band in the spectrum of the discharge products which extends

from about 180 to 700 nm. Upon mercury lamp photolysis, this band disappears

(fig. 1c and d), while the (0 2) 2 bands become more prominent. The broad band

is assigned to the B B. <• X A. transition of ozone (0g, the "Chappuis Bands";

Inn and Tanaka, 1953). The 0j photobleaching and (0 2) 2 "growth" are presumably

due to the following reactions (DeMore and Davidson, 1959):

0, + hv + 0 2 + 0

0 + 0 3 •> 20 2,

where 0* represents an excited oxygen atom.

Two other strong bands in fig. 1b and c at 672.1 and 631.1 nm are
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assigned to the A 2E' * X 2A£ transition of the nitrate (NOj) radical. The

672.1 nm band is the 0 * 0 transition, while the 631.1 nm band corresponds to

the 1 <- 0 transition in which the v. fundamental vibration is excited

(Herzberg, 1966). The weaker absorptions at 591.3, 562.9 and 539.5 nm also

belong to the v. progression (DeMore and Davidson, 1959). The gas phase cross

sections of the 672.1 and 631.1 nm band are quite high, 1.8 x 10"'^ and

1.3 x 10~1^ cm2, respectively (Ravishankara and Wine, 1983). Correcting for

solid state effects, these values become 1.5 x 10~1^ and 3.2 x 10~1^ cm2.

Using these corrected values, the number of NO, radicals in the sample shown

in fig. 1b is estimated to be - 3.1 x 10 1 7. After 0.5 hrs photolysis, the N0 3

concentration has increased somewhat (fig. Ho), presumably due to the reaction

0* + N0 2 + NOj

(DeMore and Davidson, 1959). After 21 hrs photolysis the NOj has practically

disappeared from the sample (fig. Id), due to some combination of the

following reactions (DeMore and Davidson, 1959):

N0 3 • N0 2 + N 20 5

NO? + 0 •* NO + 0

NOg + hv + NO + 0 2.

The photolytlo destruction of NOj probably plays an increasingly important

role in later stages of photolysis, because of the disappearance of the

nitrogen dioxide (N02) radical and the oxygen atoms.

Finally, ftg. 1b shows a number of weak features between 100 and 520 nm

which are assigned to the N0 2 radical (table 1). The absorption spectrum of

N0 2 in the visible region is very complex, because of several overlapping

electronic states (Hall and Blacet, 1952; Bist et al., 1977; Bolduan and Jodl,

1982). After 21 hrs photolysis the amount of N0 2 has decreased, possibly

because of the following reactions (DeMore and Davidson, 1959):

N0 2 + hv + NO +0*

0* + NO2 •» NO3

N0 2 + N03 •» N 20 5.

While all of the above reactions seem reasonable, they have not been confirmed
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in these experiments.

Fig. 5 shows the spectrum of a mixture without NH,. The broad band

starting at about 180 run and ending near 700 run, assigned to Oj, dominates the

spectrum. Although nitrogen is not present in the mixture, there is a hint of

the bands due to N0 2 and NOg. Traces of nitrogen may be present in the sample

due to incomplete outgassing of nitrogen containing species from the walls of

the vacuum system. In particular MHj, which sticks quite strongly to the

chamber walls, generally requires several days of pumping at elevated wall

temperatures to be eliminated completely.

The spectrum of a mixture without 0 2 is presented in fig, 6. There is no

evidence of the broad 0j absorption nor of the (03)3 bands. The absorption

features present can be ascribed to N02 and NO, only.

The appearance of the oxygen containing species (0 2) 2, O3, N0 2 and NO3 in

tne discharge products of the CH30H/H20/02/NH3 (3/3/3/1) mixture shown in fig.

1 can be explained by the high fraction of oxygen (0/C/N - 12/3/1) in this

mixture and the relative ease with which the oxygen and nitrogen atoms can be

released from the parent molecules, either by discharge or photolysis. Half of

the oxygen is in 0 2 which, upon dissociation, is readily available for

combination with other species in the sample. The first bond dissociation

energies of the molecules in this mixture are relatively low: H20: AH|ng 2 -

500 kJ/raole; 0 2: 500 kJ/mole; and NHj: 133 kJ/mole (Calvert and Pitts, 1967).

In the case of the CHjOH/HgO/NHj (3/3/1) mixture (fig. 6) 0 2 is not present

and the fraction of oxygen in the mixture is less (0/C/N - 6/3/t).

Subsequently, only absorptions due to N0 2 and NO? are weakly present in the

visible spectrum. In the CO/CH^/HgO/NHj (10/4/2/1) mixture (not shown) 0 2 is

also absent and the fraction of oxygen 13 even less (O/C/N - 12/1V1).

Moreover, the bulk of the oxygen is in CO, a molecule with a high bond

dissociation energy (1079 kJ/mole; Calvert and Pitts, 1967). This explains the

absence of absorption features due to (0 2) 2, 0j, N0 2 and NO, in this mixture.

The bands at 579.7 and 577.8 run reported in the experiments of Baas (fig.

1), as well as the 577.8 nm absorption reported by Wdowiak (1980), may all be

assigned to the 1 * 0 band of the (1A + 'A ) • (3lf + 3 £ J transition of

(0 2) 2 on the basis of the coincidence in wavelength and similarity in shape of

the bands with those reported here. The bands at 627.1 and 627.9 nm in the

latter paper are probably also due to (0 2) 2. Although Wdowiak did not use 0 2

or other molecules containing oxygen in his gas mixtures, some 0 2 was probably

present in his samples because of the low vacuum (only a roughing pump was
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used) and long timesoales of the experiments. This is supported by the very

strong CN2 bands that were observed, which indicates that N2 was present.

In our initial experiments we always found a band at 443.0 nm which was

virtually independent of mixture and technique used to process the sample.

This suggested that a common species was produced. Since this band coincides

with the famous 113.0 nm DIB (which has the largest equivalent width), a great

deal of effort was expended in determining its cause. Unfortunately, it was

eventually traced to a spectral artifact known as a Wood anomaly. This arises

because of the polarization induced into the light path by the grating. This

effect, discovered by Wood (1902), can be suppressed by placing a polarizer at

the entrance 3lit of the spectrometer which only lets light through with its

polarization axis parallel to the direction in which the grating is ruled (see

for example Stroke, 1967). We now believe that the laboratory measured band at

MM3.0 nm shown in fig. 1c is due to this effect.

•4.2. Infrared spectra

4.2.1. Dirty ices. Rather than discussing all the bands in the infrared

spectra, for which we refer to table 2 and references therein, we will focus

on a few specific features.

In fig. 7a, the presence of Oj is shown by the strong absorption at 1039

cm"1 and weaker bands at 2112 and 706 cm"1 (DeMore and Davidson, 1959). The

feature at 1613 cm"1 Is assigned to N02, although the other N02 fundamentals

expected at 1318 and 750 cm"1 (which are considerably weaker, Becker and

Pimentel, 1956), are not distinct. The 1318 cm"' band is probably obscured by

the much stronger and broader CHoOH band centered at 1150 cm"1, which is

several hundreds of wavenumbers wide. The moderately strong absorption

features at 1707 and 1301 cm"' are assigned to N 20 5 (Fateley et al., 1959).

The visible spectra indicate the presence of NO?, however no infrared

absorptions of NOj have been reported (Graham and Johnston, 1978). Moreover,

the N0o concentration in the sample is low (section 4.1), so that any infrared

absorption due to NO3 Is probably too weak to be observed.

Upon photolysis of the sample (fig. 7b), the infrared bands due to 0j

decrease drastically; only a weak feature at 1039 cm"1 remains after 0.5 hrs

photolysis. The Intensity of the N02 absorption also decreases upon photolysis

of the sample, while the bands assigned to N 20 5 Increase. This behavior of 0 3.

N0 2 and N2Og is consistent with what Is observed In the visible spectra. The
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spectra compared with the visible spectra may be an annealing effect: the

aluminum substrate used in the infrared experiments probably warms up more

under irradiation with the mercury lamp than the sapphire substrate in the

visible experiments. Upon warmup oxygen atoms may diffuse and recombine with

Oj to give 02. In addition, the samples in the infrared experiments are

probably exposed to more ultraviolet radiation due to reflection by the

aluminum.

The infrared spectrum of the CO/CHj/HgO/NHj (10/4/2/1) mixture (fig. 8)

shows almost no 0? and little N0 2 compared to fig. 7a, again consistent with

the visible spectra where no absorptions attributable to these species are

observed. Note that the absorption at 1303 cm"1 is not due to N20jj in this

case, but to Cfty which survived the discharge (the other strong CHjj absorption

is at 3011 cm' 1). Formaldehyde (H2C0) is produced in substantial amounts,

presumably because of the high abundance of CO and of hydrogen atoms from H20

and NHj in the sample.

4.2.2. Organic residues. Although it is impossible at this stage to identify

the molecules giving rise to the residue spectra, some general assignments to

molecular subgroups can be made on the basis of the infrared spectra. The

assignments have been made using the Aldrlch Library of Infrared Spectra

(1981). For a chemical analysis of similar organic residues produced by UV

photolysis, see Agarwal et al. (1985).

In fig. 9a, the strong band centered at 1360 cm'1 is probably due to the

0-H deformation and C-0 stretching vibration of alcohols and carboxylic acids.

This assignment is supported by the broad 0-H stretching absorption in the

3000 cm"1 region. The C-N stretching mode of amides and amines may contribute

to the long wavelength side of the 1360 cm"1 band. The assignment for this

band also holds for fig. 9b and c. In all cases there are sufficient

quantities of CO and -OH present in the mixture to provide the basic building

blocks for alcohols and oarboxylic acids.

The band at 1660 cm"1 in fig. 9b and c nay be explained by the oarbonyl

(C>0) stretching mode of carboxylic adds and amides, while the feature at

1560 cm"1 can be attributed to the N-H deformation vibration of secundary

amides. The N-H deformation mode of primary amides and amines absorbs between

1650 and 1620 cm"1 and may thus fill the gap between the 1660 and 1560 om"'

bands In fig. 9o. In fig. 9a there Is only very weak absorption between 1800
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and 1500 cm"', presumably because the spectrum is dominated by the presence of

alcohols, which do not absorb in this region. The high abundance of alcohol3

in this residue is reasonable since CH,0H represents 25% of the starting

mixture.

The broad absorption which extends from approximately 3100 to 2000 cm"'

is attributed to the O-H stretching vibration of alcohols and carboxylic acids

and the N-H stretching mode of amides and amines. The N-H stretching mode of

condensed amines generally falls between 3400 and 3000 cm"1 and the 0-H

stretching mode of alcohols between 3300 and about 2700 cm'1. In both cases,

the strongest bands are on the high frequency side. The 0-H stretching

vibration of carboxylic acids tends to be much broader than either of the

other two, and dominates the entire region due to its extensive hydrogen

bonding capacity (see Allamandola, 1984, for a discussion of these effects).

The 0-H deformation vibration of carboxylic acids and the N-H wagging

mode of amides and amines may be responsible for the weak bands around 1000

cm'1 and some of th03e at lower frequencies.

Finally, the sharp feature at 830 cm"1 may be an aldehydic C-H out-of-

plane deformation vibration.

As noted before, these spectra are in many respects similar to the

residue spectra of photolyzed ices. However, a few differences may be noted:

first, in the residue spectra shown in fig. 9 there is no prominent absorption

at 3.t um (2940 cm"1) due to C-H stretching vibrations In saturated

hydrocarbons, in contrast to the residue spectra of photolyzed icea (van de

Bult, unpublished results; Schutte and Greenberg, 1986). This is because in

the mixtures studied here the H/C ratio is relatively low, while in the

mixtures used to produce the residue spectra referred to above, CHq was much

more abundant. Second, a band at 1290 cm'1 is present during wartnup of the

photolyzed ices, but has disappeared after warmup to room temperature

(Schutte, 1985; d'Hendecourt et al., 1986). This indicates that the species

formed upon warmup In the photolysis experiments are more volatile than those

of the discharge experiments, presumably because they oontaln more -CH2 and

-CHj groups.
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5. ASTROPHVSICAL IMPLICATIONS

In comparing the absorption features in the visible spectra of the

discharge products with the DIB's, at least four criteria must be satisfied

for a band to be a possible DIB candidate (the profile of the band is not

considered here; see section 1):

1. The peak wavelength of the laboratory feature and a DIB must be

approximately the sane.

2. The width of the bands must be comparable.

3. The oscillator strength of the laboratory band must be sufficiently

high.

4. The species giving rise to the laboratory band must preferrably be

stable against mercury lamp photolysis. This is not a strict

requirement however, because the species might be reformed in space.

As far as peak position and photostability are concerned, only some of

the bands due to (0 2) 2 might be considered as possible DIB candidates. In

table 3 we compare the strongest (0 2) 2 bands with their possible DIB

counterparts. For the purpose of this comparison, the 578.3 nm (0 2) 2 band must

be considered as two features: a sharp one at 578.3 nm and a broad band

centered at 577.1 nm. While the differences in position between the laboratory

features due to (0 2) 2 and the interstellar lines may be rationalized in terms

of matrix shifts, a comparison of the widths shows that the (0 2) 2 bands are

much broader than the interstellar lines. In fact, the widths of all the

bands in the spectra presented here are typical for visible absorptions in

amorphous solids and are considerably larger than the widths of most of the

DIB'a, which generally fall between 0.06 and 3 nm (Herbig, 1975).

Table 3. Comparison of the peak poeitiona and aidtha (in nm) between the <0s)s
trantitione and poeeible DIB counterparts. Observational data are taken from

Herbig 11975).

(0 2) 2 DIB

A (ran) AA(nm) X(nm) ii(nm)

577.1 6 577.8 1.7

578.3 1 579.7 0.1

631.1 7 631.1 1.9
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An additional argument against the assignment of the 577.8 and 579.7 nm

DIB's to (O 2) 2 is the intrinsic weakness of the (0 2) 2 bands. This limitation

can be demonstrated by comparing the thickness of the laboratory samples and

the amount of interstellar grain mantle material in the line of sight. The

amount of mantle material is calculated as follows: the volume-extinction

factor of core-mantle grains is

Vc « ̂  1.5 x 10 3 cm

(Creenberg, 1978; Chlewlcki, 1985), where EC . is the total extinction cross

section of the material per unit area and EV the total volume per unit are in

the line of sight. The optical depth is defined as:

so that

vc vc

For lines of sight which show the DIB's, a typical value for E(B-V) i s 1. This

implies Av > 3.2 and T - r/jfofr " 2 > 9 5 (Greenberg, 1976). Substituting these
values for T and Vc, one finds IV - 4.3 x 10~^ cm as the thickness of mantle

material. The thickness of the laboratory samples is - i. . x 10~2 cm.

For E(B-V)-1, the central depth of the 579.7 nm DIB is about 0.10 (Herbig,

1975). The central depth of the 578.3 nm (0 2) 2 band in the spectrum shown in

fig. 4d is 0.02. Since a substantial fraction of this sample consists of 0 2

(section 4.1), it is clear that the (0 2) 2 bands are much too weak to account

for the DIB's.

A comparison between the thickness of the laboratory samples and the

interstellar mantle material shows, assuming a IX detection level in both

laboratory experiments and observations, that the concentration of any species

In the laboratory samples possibly giving rise to a DIB is at least 250 times

lower than in the grain mantles. Of course, the possibility exists that

further photoprooesalng of the ioea or residues results in new absorption

features. In fact, during the lifetime of a diffuse cloud the grain mantles in

spaoe are exposed to about 1000 times more ultraviolet radiation than In the

laboratory samples during a typloal photolysis experiment (Hagen et al.,
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1979). Nonetheless, in view of the widths of the absorption bands in the

laboratory samples we believe that dirty ices and organic residues are not a

likely source of the DIB'3.

6. CONCLUSIONS

In order to test the hypothesis that the diffuse interstellar bands

(DIB's) are due to impurity absorptions in grain mantles, the visible and

infrared spectra have been measured of dirty ices and their organic residues,

which remain after warmup to room temperature. The Ices were prepared by

passing mixtures of gases composed of molecules such as H20, 02, CH,OH, CO,

CHi,, C2H2, CgHg and NHj through a microwave discharge and letting the products

condense onto a 12 K substrate.

The absorption bands in the visible spectra of the ices are assigned to

(0 2) 2, O3, N0 2 and NO3. The (0 2) 2 absorptions grow considerably upon photo-

lysis with a high pressure mercury lamp, while the bands due to the other

species decrease. A similar trend is observed in the infrared spectra.

The visible spectra of the organic residues do not show any narrow band

structure. The infrared spectra are characterized by the presence of

carboxylic acids, alcohols, amines and amides.

A comparison between the laboratory spectra and the DIB's shows that

abaorption of impurities embedded in grain mantles does not provide a likely

explanation for the DIB's.
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ABSTRACT

In this paper we disease some of the thermodynamia and speatroseopic

properties of polyoyalia aromtie hydrocarbons which make them attractive

candidates as carriers of the diffuse interstellar bands. We point out that in

the diffuse medium many of these species will be partially dehydrogenated and

positively charged and will absorb in the visible. The observed line shapes

and widths of the diffuse interstellar bands can be explained by rovibronia

band contours and line broadening due to internal conversion. Since little

information is availabe concerning the spectroscopie properties of suah

species in the gas phase, a considerable amount of laboratory and theoretical

work, is needed.
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1 . INTRODUCTION

The origin of more than HO broad diffuse interstellar absorption bands

(DIB's) which extend from about 1100 A into the near-infrared is unknown. This

is not for want of trying, however, for since their interstellar origin was

recognized more than 50 years ago (Merrill, 1931) an enormous effort has been

made observatlonally, experimentally and theoretically to understand this

phenomenon. Equally strong cases can be made for a gas phase as well as a

solid state origin, but neither explanation is completely adequate. Several

excellent reviews of the problem can be found in the literature (Herbig, 1975;

Smith et al., 197T).

Recently, Leger and Puget (1984) have suggested that polycyclic aromatic

hydrocarbons (PAH's) are responsible for most of the unidentified infrared

emission bands which are associated with ultraviolet rich regions of planetary

and reflection nebulae, H II regions, stellar objects, and extragalactic

sources. Allamandola et al. (1985), working independently along similar lines,

attributed the emission to positively charged PAH's since, in the infrared

band emitting regions, the majority of these molecules will be ionized. The

proposed presence of PAH's in a variety of objects points to their ubiquitous

presence in the interstellar medium, an idea similar to Johnson's (1967) and

Donn's (1968). In this paper, we discuss some of the thermodynamic and

speotroscopic properties inherent in this class of compounds which make them

attractive candidates as carriers of the diffuse interstellar bands. We also

point out that, in the diffuse medium, these species will most likely be

present as a mixture of partially dehydrogenated positive ions and neutral

species which should absorb in the visible. Since there is little information

available concerning the spectroscopic properties of such unsaturated species

in the gas phase, a considerable amount of laboratory and theoretical work is

called for.

2. POLYCYCLIC AROMATIC HYDROCARBONS: SOME RELEVANT PROPERTIES

2.1. Stability and ionization potential

If molecules are responsible for the diffuse bands, they must be

unusually stable with respect to photodissooiation to maintain the
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concentration required in the harsh interstellar medium. As a class, aromatic

molecules such as PAH's are much more stable than others with the same number

of atoms due to the delocalization of electrons in the molecular orbitals, and

among these there is a subclass called "super-aromatics" which are even more

stable (Clar, 1972). In general, for a given number of rings, the most stable

PAH will have the most condensed configuration possible (Stein, 1978). We

believe that it is these condensed forms which will be the most favored under

interstellar conditions. For example, of the molecules shown in fig, 1, pyrene

is more stable than chrysene which is more stable than tetracene, and form A

of hexabenzocoronene is much more stable than form B. Mass spectroscopic

studies of ovalene and the two forms of hexabenzocoronene illustrate this:

both ovalene and hexabenzocoronene A lose up to 5 H atoms but suffer no loss

of skeletal carbon upon bombardment by 75 eV electrons, while hexa-

benzocoronene B readily fragments (Bursey et al., 1970; Reed and Tennent,

1971). Furthermore, these studies show that multiply charged PAH'S are also

quite stable.

TETRACENE C 1 8 H 1 2 CHRYSENE C 1 8 H 1 2 PYRENE C 1 6 H , 0

OVALENE C3 2 H 1 4

C42 H18
HEXABENZOCORONENE A

C48H24
HEXABENZOCORONENE B

Fig. 1: Some polyoyalio aromatic hydrocarbons. Hydrogen coverage of these

molecules will he much lese than shorn, and a large fraation of them will be

positively charged in the interstellar medium.



Because of the stability of these aromatic molecules, photodlssociation

rates for carbon skeleton breakup are exceedingly low and the photophysics of

relaxation following ultraviolet photon excitation has formed a rich area of

study in itself (e.g. Birks, 1970). PAH's have low first ionization

potentials, many lying in the 6-8 eV range (A < 2100 A; see e.g. Gallegos,

1968; Clar and Schmidt, 1977, 1978 and references therein). In general, the

second ionization potential is about 20 eV (620 A ) .

2.2. UV-VIS absorption bands

Although not specifically referring to PAH's, Platt (1956), in his

pioneering work on the spectroscopy of unsaturated systems, showed that the

long wavelength absorption band limit is largely determined by the dimensions

of the molecule, with the longest linear dimension dominant. For example, in

the series of linear fused ring aromatics extending from naphthalene (2 rings)

to pentacene (5 rings), the limit shifts from 3000 to 6000 A. Similarly, for

the molecules pyrene, hexabenzocoronene A and ovalene (fig. 1) the limits are

about 3800, 1500 and 4700 A, respectively (Clar, 1964). In virtually all cases

the spectrum consists of several broad, largely temperature independent,

overlapping bands which increase in absorption strength towards shorter

wavelength, with the band near the long wavelength limit generally rather

weak. In the ultraviolet, the bands generally have large molar extinction

coefficients (10 - 10^ 1 mole" cm" 1), which correspond to cross

sections 0 of about 10"'® cm2 molecule"' (see Birks, 1970, for a compilation

of this data).

3. POLYCYCLIC AROMATIC HYDROCARBONS: PHYSICAL STATE AND SOME SPECTROSCOPIC

PROPERTIES EXPECTED IN THE INTERSTELLAR MEDIUM

Together, the stability of PAH's, their low ionization potential and

absorption characteristics permit one to estimate the form in which they would

most likely exist in the diffuse medium. Throughout the following discussion

many assumptions have been made. Several numerical values are quite uncertain

and errors as large as an order of magnitude are possible. In all oases,

conservative estimates are used to deduce the physical state of the PAH's. The

ultraviolet flux from 912 to 2000 A in the diffuse medium is about 10 cm"2
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s"1 {Habing, 1968). Assuming an average cross section of lO"1^ cm2 PAH"1 for

this wavelength range implies that each molecule would absorb a potentially
Q

ionizing photon approximately every 10 seconds. The dominant neutralization

channel should be radiative recombination. An upper limit to thi3 rate is

given by the electron-ion collision rate, n a, where a is the recombination

coefficient which is taken to be 6 x 10""̂  (T/300)~^ cm3 s~1, n e the electron

number density and T the gas temperature (Prasad and Huntress, 1980). In

models of the diffuse medium, the degree of ionization is determined by the

carbon content and the ultraviolet radiation field (Prasad and Huntress,

1980). Thus ne - 3 x 10 r^. Taking nH and T equal to 10 cm"3 and 100 K,

respectively, yields a value of 3 x 10 seconds as the time between two

electron-ion collisions, a value only slightly longer than the ionization

period. Thus there will be comparable amounts of neutral and ionized PAH's. If

the neutralization efficiency of these large molecules is lower, a

predominantly ionic population of PAH's is favored.

lonization of PAH's leaves the molecule with an unpaired electron,

forming a free radical. Free radicals generally possess allowed transitions in

the visible and near-infrared spectral regions, while their parent species,

containing an even number of electrons, absorb at shorter wavelength. For
2 2example, the A" • A' transition of the radical HCO extends from about

4500 A to 7500 A (Herzberg and Ramsay, 1955), while the parent molecule, H2C0,

does not absorb strongly at wavelengths longward of 3500 A (see Herzberg,

1966; 1971, for a thorough discussion of electronic absorption spectroscopy).

Crawford et al. (1985) have compared the visible absorption bands of PAH

cations suspended in low temperature glasses with the DIB's.

An additional way in which PAH's could be present as radicals in the

Interstellar medium Is if they are partially dehydrogenated. Each hydrogen

that Is removed potentially produces an additional radical "site". Support

that PAH's are partially dehydrogenated in at least certain regions of the

Interstellar medium comes from the infrared emission bands. The 3.3, 6.2, 7.7

and 8.6 urn bands are completely consistent with PAH's; however, that at

11.3 um is only consistent if the majority of the rings at the edge of the

PAH contain no more than one H atom (Leger and Puget, 1984; Allamandola et

al., 1985). The precise mechanism of H atom removal is unclear at present, but

is presumably due to a combination of photolysis and electron-ion recombina-

tion reactions. The rate of the reverse process, H atom capture, Is difficult

to estimate because the geometric cross sections of these radicals Is unknown.
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14. POLYCYCLIC AROMATIC HYDROCARBONS AND THE DIFFUSE INTERSTELLAR BANDS

PAH ultraviolet absorption bands each span one to several hundred

angstroms (Clar, 1961; Birks, 1970). Due to the compressed energy scale and

the fact that most of the spectra have been taken of molecules in condensed

phases due to experimental considerations, these bands show little structure

although they are made up of many individual vibronic transitions. For the

somewhat lower energy transitions which occur in the visible spectral region

expected for the PAH radicals in the interstellar gas, individual rovibronic

bands should be resolvable. The transitions, however, would have very small

(< 0.01 cm"1) rotational line spacings due to the large moments of inertia of

PAH's (Ross, 1971; Hollas, 1973). Each vibronic transition would produce a

band for which the width depends not only upon the temperature and the

rotational constants, but also upon the particular transition involved. Due to

the symmetry of some of these PAH's and their high degree of planarity,

transitions whose principle moment lies parallel to the major symmetry axis

will have rotational and vibrational selection rules which differ from those

for transitions in which the moment lies perpendicular to the major symmetry

axis. The cumulative effect of these constraints results in characteristic

band contours (designated as A, B, or C type bands) which can differ in the

same spectral region producing singly, doubly or multiply peaked profiles.

Examples of the individual bands measured or expected from similar, although

smaller, molecules are presented in figs. 2 and 3. While these molecules are

not as larg«! as the PAH's under consideration, figs. 2 and 3 illustrate the

range of possible contours vibronic transitions in large molecules can

produce. These profiles are taken from the reviews of Ross (1971) and Hollas

(1973). They show that the width of rovibronic bands In large molecules can

vary from somewhat less than one to tens of wavenumbers.

The width of rovibronio transitions in PAH's under interstellar

conditions can be roughly estimated as follows: the most populated rotational
y

levels of a molecule have J - kT/(A + C ) 2 , in which J Is the total angular

momentum quantum number and A and C are two of the rotational constants of the

molecule (Ross, 1971). Assuming an equilibrium temperature T - 100 K and ro-

tational constants of - 0.01 em of the PAH's results in J - 60. This corres-

ponds to line widths similar of those in figs. 2 and 3, in which J - 10-60.

The sharper features are a few wavenumbers wide and sightly asymmetric, having

a steep edge on the blue aide. The asymmetry arises from the difference
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(b)

NAPHTHALENE

INDENE

-10 0 cm-' 10 AZULENE

Pig. 2: Rotational band contours

measured for some planar, cyclic

molecules. All contours are

presented on a common frequency

scale which increases to the right.

Actual band positions are: (a) p-

benzoquinone - 4764 and 4781 As (b)

naphthalene - 3081 and 3123 A; la)

indene - 2880 A; (d) azulene -

3478 A. These have been reproduced

with permission from Roes (1971).

Pig. 3: Rotational band contours

for the 2751 A band in phenol.

Note that the frequency scale ie

opposite to that in fig. 2 and

decreases to the right, (a) The

measured band; (b) computed

rotational band contour assuming

it is a B type band; (a)

computed rotational band contour

assuming it is an A type band;

(d) computed rotational band

contour assuming it is a 0 type

band. This figure has been

reproduced with permisBion from

Hollae (1973).

so

la)

(b)

10
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between the rotational constants In the ground and excited electronic state of

the molecule, which causes the lower J lines to run together forming a "band

head" (e.g. Steinfeld, 1978). Some of the deepest DIB's are of comparable

width and similar asymmetry with the blue side steepest (Wu, 1972; Savage,

1976; Welter and Savage, 1977; Snell and Vanden Bout, 1981; Herbig and

Soderblom, 1982; Chlewicki et al., 1986). This similarity In profile between

some DIB's and rotational band contours of large molecules was previously

noted by Danks and Lambert (1976).

The widths of the broader DIB's may be caused by radiationless Internal

conversion, as was pointed out by Douglas (1977). The rate of internal

conversion depends upon the interaction between the particular vibronlc level

excited and nearby levels of a lower electronic state, and varies greatly from

one level to another. Linewldths up to 100 cm'1 are not unusual among large

aromatic molecules (Byrne and Ross, 1971). It is worth noting that the broader

DIB features tend to lie at shorter wavelength (Herbig, 1975), which is

consistent with internal conversion because the density of states of molecules

generally increases with energy.

Although correlation studies among the DIB's are hampered by the weak

nature of most of the features, there are strong indications that some of them

do not correlate (Snow, 1973; Savage, 1976; Baines and Whittet, 1983;

Chlewicki et al., 1986). It is interesting to speculate by creating a

vlbrational energy level diagram with spacings corresponding to the energies

of the infrared emission bands at 6.2, 7.7. and 8.6 urn, assigned to the in-

plane fundamental vibrations in PAH's (Cyvln et al., 1982). In these molecules

the vlbrational frequencies in the ground and upper electronic states will be

similar (Amirav et al., 1980). Although the separation between a number of

DIB's can be matched by the spacings mentioned above there does not seem to be

a consistent way in which the bands can be fitted Into a single energy level

diagram. However, In a mixture of PAH's the spectrum may be very complex

because of the large and varying number of vlbronio transitions which may be

allowed in each molecule. Alternatively, since the number of diffuse lines is

large, the apparent agreement in apaoings with that between some of the

Infrared bands nay Just be fortuitous.

The fraotlon of available carbon required by these molecules to account

for the DIB's can be estimated as follows: the ooluran density of absorbers can

be calculated with the well-known formula
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where W, is the equivalent width of a particular band, e2/mc2 the classical

radius of the electron, *Q the central wavelength of the band, Na the column

density of absorbers and f the oscillator strength. Herbig (1975) measured an

equivalent width of 0.805 A for the 5780 A band towards Cyg 0B2I5 (» +40°4220)

for which E(B-V) is 2.02 (see also Chlewicki et al., 1986). For an allowed

electronic transition, f values range from 0.1 to 1.0. Taking an f value of

0.1 results in a column density of absorbers equal to 2.8 x 1013 cm"2. The

column density of hydrogen towards Cyg 0B2#5 is calculated, using

u

(Creenberg, 1978), to be 8.5 x 102' cm"2. Since the cosmic abundance of carbon

relative to hydrogen is about 3.7 x 10"1*, the column density of carbon is

3.1 x 101® cm"2 along this line of sight. Considering PAH's composed of 30

carbon atoms as typical of the diffuse band carriers, this requires 8.3 x 10

carbon atoms. This represents less than 0.03K of the available carbon.

5. POLTCTCUIC AROMATIC HYDROCARBONS, THE FUV EXTINCTION AND THE 2200 A HUMP

Most of the correlation studies between the DIB13 and the FUV extinction

or the 2200 A hump have been restricted to the 4430 A band (Wu et al., 1981;

Nandy et al., 1982; Witt et al., 1983; Seab and Snow, 1984). The observations

show a weak correlation between the 4430 A band and the 2200 A hump and no

correlation with FUV extinction. In addition, Seab and Snow (1984) report no

correlation between the 5780 and 6284 A band with both the FUV extinction and

the 2200 A hump.

Since large organic molecules such as PAH's generally show stronger

absorption bands In the ultraviolet than In the visible, it is interesting to

estimate the contribution they could make to the FUV extinction. The ratio of

the optical depth in the FUV (tfuv) to that in the visible (xvla) oan be

obtained from
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Consider an electronic transition at 1250 A, with a typical PAH width of 100 A

(M> • 6000 cm ), and a visible transition with Av - 8 em (the width of the

5780 A band). For a star with E(B-V) - 1.5, the detection limit is about

t. - 0.1, depending on the width of the transition and the wavelength region

where it absorbs (Chlewicki, private communication). For this amount of

reddening, the 5780 A band has a x v l 3 of about O.t (see the example of Cyg

0B2#5 in the previous section). Substituting these numbers, one finds that for

f. It . i 200, the electronic transition in the FUV would be undetectable

with the present quality of IUE data.

Concerning the 2200 A hump, experimental studies have shown that

laboratory synthesized amorphous carbon particles, which are presumably made

up of a collection of PAH like molecules, exhibit an exctlnotion peak between

2000 and 3000 A. Borghesl et al. (1985), in summarizing this work, show that

the peak shifts towards shorter wavelength for the smaller sized particles and

speculate that for particles less than 40 A in radius, the band would peak at

about 2200 A. The low abundance of PAH'a required to account for the DIB's

suggests that the species which give(s) rise to the 2200 A hump are (is) of a

different nature unless the oscillator strength in the visible is much less

and these molecules absorb very strongly in the ultraviolet near 2200 A. Of

course, this does not rule out the possibility that larger molecules (small

particles?), which do not contribute to the DIB's could contribute to the

2200 A hump. In this respect, it is interesting to note that in 1968 Donn

suggested that although the individual spectra did not match, a collection of

PAH's might account for the 2200 A hump.

6. FUTURE WORK

Baaed on the above, we believe that PAH radicals and radical ions are

possible constituents of the interstellar medium and that absorption by these

apeoles may be responsible for the diffuse interstellar bands. At this point

we would like to make some suggestions for future research in order to test

this hypothesis.

(1) More observations involving correlation studies are needed to

determine whloh DIB'a arise from the same oarrler, followed by a vibratlonal

analysis. Furthermore, correlation studies between the DIB's and the FUV

extinction or 2200 A hump need to be extended.
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(2) In addition to observations, laboratory and theoretical studies of

the types of molecules, radicals and radical ions proposed here are essential

to establish their spectroseopic properties and to calculate the band contours

of the difffent types of rovibronic transitions possible in these species.

In the course of preparing this manuscript we learned that A. Leger and

L.B. d'Hendecourt were pursuing a similar line of reasoning and preparing the

paper which appears adjacent to this.
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C H A P T E R IIIA

EXPERIMENTAL DETERMINATION OF AN UPPER LIMIT FOR

THE ULTRAVIOLET PUMPED INFRARED EMISSION EFFICIENCY OF FORMALDEHYDE

IN LOW TEMPERATURE MATRICES AND OF ORGANIC RESIDUES

ABSTRACT

An upper limit has been determined for the ultraviolet pumped infrared
emission efficiency between 2 and 6.5 ym of ffgCO suspended in lew temperature
(T - 32 K) matrices and of organic residues, which remain after warmup of
photolyzed dirty ioes. The upper limit, expressed as a. (the ultraviolet to
infrared energy conversion factor), is ~ S x 10'. On the basis of this result
it is concluded that infrared fluorescence from H^CO frozen on grains is not
the source of the emission features near 3.5 \im observed in the pre-main-
sequenoe stars HD97048 and Bliae 1% Similarly, infrared fluorescence from
organic residue grain mantles can be excluded as a possible explanation for
the near-infrared continuum emission observed in reflection nebulae.
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1. INTRODUCTION

Broad infrared emission features at 3.3, 3.4, 6.2, 7.7, 8.6 and 11.3 pra

have been detected in various objects, including planetary nebulae, reflection

nebulae, H II regions and external galaxies (see reviews by Aitken, 1981;

Allamandola, 1984; Willner, 1981). More recently, additional weaker features

have been discovered between 3.4 and 3.6 urn on top of a broad plateau (Geballe

et al., 1985; de Muizon et al., 1986). In addition to these features, near-

infrared continuum emission has been found in reflection nebulae (Sellgren et

al., 1983), which may even extend from the mid-infrared (Sellgren et al.,

1985) to the far-red (Witt et al., 1984) and may be related to the emission

features. A special case is formed by two pre-main-sequenee Be/Ae stars,

HD97048 and Ellas 1, both of which are surrounded by a circumstellar dust

shell: the spectra of these stars show emission features at 3.53 and 3.43 ym,

much stronger than the accompanying 3.3 wm feature (Blades and Whittet, 1980;

Baas et al., 1983; Whittet et al., 1983).

Much progress has been made during the last few years regarding the

identification of the features. It has been suggested that the 3.3, 6.2, 7.7,

8.6 and 11.3 ucn bands are due to emission from a mixture of polycyclic

aromatic hydrocarbons (PAH's; Leger and Puget, 1984; Allamandola et al.,

1985). While this hypothesis has not yet been fully tested, it seems

promising.

The 3.53 and 3.43 \im emission feature, however, are not explicable within

the framework of the PAH hypothesis as it is currently understood. On the

basis of infrared absorption spectra of formaldehyde (H2C0) suspended in

molecular matrices ("dirty ices") the emission features near 3.5 Mm might be

ascribed to C-H stretching vibrations of H2CO complexes in dirty ice mantles

of grains (van der Zwet et al., 1985; chapter IVA of this thesis). Ultraviolet

pumped infrared fluorescence (Allamandola et al., 1979, and references

therein) was concluded to be the most likely excitation mechanism.

The ultraviolet pumped infrared fluorescence model depends critically on

the lifetimes of the vibrationally excited molecules. It is known that

different fundamental modes in solids can have very different lifetimes,

depending on the size of the molecule, the energy, the symmetry of the

vibration involved and the strength of the coupling with lattice vibrations

(Bondybey, 1977; Legay, 1977). If the energy gap between the excited

vibrational mode and other energy levels in the solid (at lower energy) is
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small, the coupling may become very efficient and nonradiative decay fast.

If, on the other hand, the energy gap is larger, the coupling will probably be

less efficient f.nd the lifetime of that particular state of the molecule may

be increased to the point where it is comparable to the radiative lifetime,

providing the opportunity for radiative decay.

An ultraviolet to infrared energy conversion factor a of - 10 turned
en

out to be necessary for solid H2CO in order to account for the observed

intensity of the emission features near 3-5 um in HD970t8 (van der Zwet et

al., 1985; chapter IVA). In order to test this hypothesis, an experimental

determination of a has been made. The results of these experiments are

reported in this chapter, a appears to be extremely low and only an upper

limit is obtained.

In addition, the same upper limit for a has also been determined for
en

organic residues, which are produced by ultraviolet photolysis of dirty ice

mixtures and subsequent warmup to room temperature. This organic residue is

presumed to be the main constituent of the mantles of diffuse cloud grains

(Greenberg, 1982) and infrared fluorescence from these residues may be

responsible for the observed near-infrared continuum in reflection nebulae. In

this case an a of - 10 is required (Sellgren et al., 1985). Broad band

visible emission peaking at 515 nm has been measured from an organic residue

(van Uzendoorn, 1985)•

2. EXPERIMENTAL

In a vacuum chamber gas mixtures were generally deposited for a 1 tir

period at a rate of 0.07 mMol/hr onto a rotatable sapphire substrate cooled to

12 K by an Air Products CSW-202A displex closed cycle helium refrigeration

system. Organic residues were prepared at a slower deposition rate (0.03

mMol/hr) extended over a longer period of time (30 hrs), with simultaneous

irradiation of the ices with a microwave powered hydrogen discharge lamp

(A = 1 6 0 nm). After deposition the sample was warmed up slowly under

vacuum, leaving behind a pale yellow residue.

H2C0 was prepared by thermal cracking of polyoxymethylene ("para-

formaldehyde", Baker) at 390 K using a simplified version of the method of

Spence and Wild (1935): the H2 C 0 vapor was trapped at liquid nitrogen

temperature and then distilled from a dry ice trap to a liquid nitrogen
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storage trap. The purity of H2C0 was checked by recording the infrared

absorption spectrum of an Ar/H2C0 {100/1) mixture with a Fourier transform

spectrometer (see for example chapter I). Only bands due to H2CO were

observed. Gas mixtures were prepared in a greaseless glass vacuum line

evacuated to a pressure of 3 x 10~3 p a (2 x 10"^ Torr), using standard gas

handling techniques. H2C0 gas was obtained by letting the H2C0 evaporate

slowly from the container. The purities of the other gases used were: Ar,

U.H.P. 99.999* (Matheson) and CO, 99.997* (Matheson), both filtered through a

molecular sieve-activated charcoal filter; CHjj, 99.95* (Aga); C02, 99.995*

(Messer Grieaheim); and NH3, 99.6* anh. (Matheson). The liquids CHjOH (p.a.)

and H20 (distilled and demineralized) were further purified by several

freeze-thaw cycles under vacuum.

A schematic of the experimental set up used for measuring decay curves of

the infrared emission is shown in fig. 1. Optical excitation at 308 run was

provided by a XeCl excimer laser (Lambda Physik EMG 100), which was typically

run at a repetition rate of 1.5 Hz and provided - 100 mJ pulses with a

duration of - 15 ns. Before entering the cryostat, the beam passed through a

diaphragm in order to lower the beam intensity to 1-3 mj/pulse to prevent

sample warmup and destruction. A quartz lens was used to focus the laser light

on the sample.

Infrared fluorescence was detected with an InSb detector (IDH-100,

Cincinnati Electronics), attached to the bottom of a liquid nitrogen cooled

dewar (Infrared Laboratories, Inc.), which was connected to the high vacuum

system. The home built detection system further consisted of a germanium lens

and a slit with adjustable width in front of the detector, and a filter wheel

arrangement provided with two circular variable filter segments (2-4 and 1-8

urn, OCLI), which could be rotated in front of the slit with a stepping motor.

The filter segments were calibrated by measuring their transmission with a

Perkin Elmer spectrometer (model 125). The accuracy of the frequency scale is

± 20 cm"1. The detector and filter wheel combination were shielded from

radiation from outside by an aluminum cold shield, which was connected to the

bottom of the liquid nitrogen dewar. A calcium fluoride lens, adjustable in

position, was mounted between the sample and the filter wheel in order to

collect the emitted light. The detection system was sensitive between 2 and

5.5 um.
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Fig.I: Sahematia of the experimental eet up ueed for measuring decay curves of

the infrared emieBion. V repreeente the diaphragm, I the focusing lenee, C the

aryoetat, S the sapphire subetrate, DB the detection system and the liquid

nitrogen dewav, and A the amplifiers. For clarity, DE is attached to the side

of the aryoetat; in reality it was mounted on top of the aryoetat.

A low-noise Burr-Brown 355t AM wide band operational amplifier was used

as a current-voltage convertor and served as a pre-amplifier for the detector.

From the pre-amplifier the signal was fed into an AC amplifier (Brookdeal 150)

with the low and high frequency out-off filters set at 1 Hz and 300 kHz,

respectively. The amplified signal was averaged with a Nicolet 535 signal

averager. Averaged signals could be displayed on an oscilloscope (Tektronix

5110) and plotted on a strip chart recorder. Triggering was achieved with a

Farnell pulse generating system. In order to delay the laser pulse with

respect to the signal averager, the signal averager was triggered on the

negative slope of a negative pulse and the excimer laser on the positive

slope.



102

The set up used for obtaining infrared emission spectra is schematioally

presented in fig. 2. In this case the emission signals were fed into a

transient digitizer (Gould Biomation 4500) and averaged over 61 laser shots.

Subsequently, the averaged emission traces were dumped into the memory of a

home made microcomputer which then integrated the emission signals. Finally,

the values of the integrated signals were plotted on the strip chart recorder.

Triggering of the exoimer laser, tuning of the filter wheel wavelength and

stepping of the recorder were also carried out by the microcomputer.

excimer
laser

1
i

C '

D

trigger

-^trigger ^ ^

/

M

micro
processor

drive

A

\
\

\

averaged
signal

recorder

transit
digitize

>nt
r

Fig. 2: Schematic of the experimental set up used for obtaining infTared

emieeion spectra. D represents the diaphragm, L the focusing lense, C the

aryoetat, S the sapphire substrate, DE the detection system and the liquid

nitrogen dexoar, M the stepping motor and A the amplifiers.

The response time of the detector-amplifier combination was - 20 ys.

Short-lived background emission wa3 present due to fluorescence of the

different components in the light path. Possible sample fluorescence with a

lifetime < 20 ps had to be discriminated against this background, by carefully

comparing the heights of the signal both in the presence and absence of a

sam.pl e.

The sensitivity of the set up is calculated as follows: after 6t laser

shots, the noise level was - 5 x 10 V, measured at the preamplifier output.

With a feedback resistor of 106 ohms and a detector sensitivity

of - 1 Ampere/Watt, the minimum detectable power then is - 5 x 10" W. For a
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fluorescence signal with a 1 ms lifetime this corresponds to an energy

of - 5 x lo"1^ J. Solid angle and transmission losses amount to a factor of

1CP approximately. Henee, the lower limit for the amount of fluorescence

emitted by the sample which can still be detected is - 5 x 10~ 1 0 J. The energy

of a laser pulse is typically 10"^ J. The fraction of the energy absorbed by

the sample can be calculated using the cross-section at 308 run and the

thickness of the sample. The average absorption in the experiments was - \0%,

yielding - 10 J as the amount of energy absorbed by the sample. Consequent-

ly, the upper limit for a e n, the ultraviolet to infrared energy conversion

factor between 2 and 5.5 pm, then becomes (5 x lO" 1 0)/^" 1 1- 5 x 10~6, a value

which should be accurate within one order of magnitude. Before each experiment

proper performance of the detector was checked by monitoring the pre-amplifier

output on an oscilloscope.

i

i

3. RESULTS AND DISCUSSION

3.1 Formaldehyde in matrices

H2CO was suspended in a number of dirty ices, which were composed of the

molecules H 20, CO, CHj,, C02, NHj and CH3OH. The effect of each individual

molecular component was tested by varying the concentration of that component

and eventually leaving it out of the mixture. The H2C0 concentration was

varied between 0.3 and 10?. In addition, an upper limit for was determined for

pure associated HjCO, polycrystalline H2C0 (a crystalline phase which appears

upon warmup of associated H2CO; Schneider and Bernstein, 1956; chapter IVA of

this thesis) and polyoxymethylene (polymerized H2C0; Piseri and Zerbi, 1968).

Measurements were also made on an Ar/H2C0 (1000/1) mixture. The exeimer laser

pumped the A ]A «- X 1A1 transition of H2C0 (Herzberg, 1966). No emission

between 2 and 5.5 ym was detected. Apparently most of the vibrational energy

stored in the H2C0 by the exeimer pulse decays into low-lying phonon modes of

the matrix on a timescale much shorter than the infrared emission time

(- 10 s ) . In view of the required value of a for the emission features
_ 2

 e n

near 3.5 ym observed in HD97048 (-10 ), infrared fluorescence from H2CO

frozen on grains can be ruled out as a possible source of these emission

features.

In addition, recent observations have shown that the emission features
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near 3.5 inn in HD97018 arise from a region < 0.1 arcsec across (Roche et a l . ,

1986). At this distance from the star the equilibrium temperature of grains

l i e s in the range 500-1500 K, excluding solid H2C0 (or any other simple,

volati le molecule) as a possible source of the emission since H2CO quickly

evaporates at temperatures 2 120 K.

3.2 Organic residues

Two mixtures were used to prepare the organic r e s idues : H20/C0/CHjj/NHq

(5 /3 /2 /1 ) and CO/CHij/NF^/HgO ( I O / t / 2 / 1 ) . These res idues did not show any

infrared emission, ne i the r did photolyzed res idues or (photolyzed) th in f i lms

of res idues dissolved in methanol. The conclusion i s t h a t a & 5 x 10 for
en

organic r e s i d u e s . Consequently, the near - in f ra red continuum emission observed

in r e f l e c t i o n nebulae can not be explained by emission from organic res idue

grain mant les .
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C H A P T E R I I I B

ELECTRONIC TO VIBRATIONAL ENERGY TRANSFER FROM FORMALDEHYDE

TO CARBON MONOXIDE IN ARGON AND NITROGEN MATRICES.

ANALYSIS OF THE INFRARED EMISSION

ABSTRACT

Electronic to vibrational energy transfer from H*,CO to CO has been

observed in argon and nitrogen matrices upon laser excitation of tfgCf? in its

first excited singlet state* Decay curves and low resolution spectra are

presented of the CO infrared emission in the ground electronic state.

Fluorescence intensities are considerably higher in nitrogen than in argon,

probably because the v = 1 exciton band of A!g assists in the energy transfer

from the C-H stretching vibrations of ground state HgCO to the v = 1 level of

CO. T}t.e infrared emission decays nonexponentially and originates mainly from

higher vibrational levels of ISC0, which acts as a trap for the excitation. A

model is presented which accounts for this behavior. To mxteh the experimental

data a finite lifetime of the vibrationally excited SgCO in the ground state

has to be assumed. Furthermore, in addition to radiative decay, nonradiative

decay of the CO vibrational levels has to be taken into account, with a rate

Which increases with vibrational energy. Nonradiative decay probably proceeds

via COg which is known to be an efficient quencher of the CO fluorescence and

which is present as an impurity in the matrix.
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1. INTRODUCTION

Laser excited vibrational fluorescence of matrix isolated CO (Dubost and

Charneau, 1976; 1979) and pure CO (Legay-Sommaire and Legay, 1977; 1980) has

been extensively studied in the past. Intennolecular vibrational energy

transfer was observed: excitation of the v - 0 • v - 1 fundamental stretching

vibration of CO with a C02 laser resulted in emission from higher v levels and

different isotopic species. High purity samples showed that the experimental

fluorescence lifetimes approached the radiative lifetime.

The time evolution of the CO vibrational levels has been successfully

modeled by Manz (1977), who incorporated three processes into a master

equation for the relative populations of level v (N.B. C0(v) means CO excited

to vibrational level v):

i) migration of single quanta by resonance energy transfer,

" C0(1) + C0(0) + C0(0) + C0(1); (1)

| ii) phonon assisted excitation of upper levels,

C0(1) + C0(v) + C0(0) + CO(v+1) • AE, V > 0; (2)

and H i ) radiative decay,

C0(v) + CO(v-1) + hv. (3)

Transfer of electronic to vibrational energy from an electronically

excited species to CO has been studied for ND and NH in Ar (Goodman and Brus,

1976) and for Hg atoms in CO, N 2 and Kr matrices (Legay and Legay-Sommaire,

1981; Legay, 1985). In the case of Hg the infrared emission was found to arise

from a complex of Hg and CO.

In chapter IIIA of this thesis it was investigated whether ultraviolet

pumped infrared fluorescence of HjCO in low temperature matrices could be

stimulated, a process which might be of astrophysical importance (van der Zwet

et al., 1985; chapter IVA of this thesis). In the early experiments it

appeared that irradiation of HgCO isolated in argon and nitrogen matrices with

a high pressure mercury lamp produces infrared fluorescence of CO, which is

formed via photodissociation of H2C0.
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In this chapter we present the results of a study of electronic to

vibrational energy transfer from H2CO to CO in the absence of

photodissoeiation, by exciting H2C0 at longer wavelength (308 nm) with an

excimer pulse laser in argon and nitrogen matrices, to which small amounts of

CO were added. After excitation of H2CO in the S-j state, electronic to

vibrational energy transfer was monitored via detection of the infrared

fluorescence of vibrationally excited CO. Decay curves and low resolution

spectra of the fluorescence are presented for different concentrations of CO

and H2C0. Fluorescence intensities observed in nitrogen matrices are higher

than in argon. The decay curves are nonexponential and the spectra show that

the emission originates mainly from higher vibrational levels of '^CO. A model

i3 presented which accounts for this behavior.

2. EXPERIMENTAL

For the experimental details we refer to chapter IIIA. Basically, the set

ups shown in figs. 1 and 2 of chapter IIIA were used for the experiments

reported here.

Besides H^CO the following gases were used: Ar: U.H.P. 99.999* (Matheson)

and CO: 99.997> (Matheson), both filtered through a combination molecular

sieve-activated charcoal filter; N2: U.K.P. 99.999J (Matheson); and ^^CO: 90

atom % 1^c (Merck & Co., Inc.). The gaseous mixtures were generally deposited

for a 5-10 min. period (decay curves) or a 15 min. period (emission spectra)

at a rate of 9 mMol/hr.

For obtaining decay curves, the signals were typically averaged over

4000-6000 shots. The emission spectra were obtained using a slit width of

1 mm, corresponding to a resolution of 0.2 um (- 100 em at 2110 cm" , the

frequency of the CO fundamental vibration).

3- RESULTS

Figs. 1 and 2 show typical decay curves of the total infrared

fluorescence obtained after laser excitation of an Ar/H2CO/CO (1000/1/1) and

N2/H2C0/CO (1000/1/1) mixture, respectively. The initial infrared signals are

dominated by background fluorescence (see chapter IIIA). Therefore, accurate
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measurement of the decay curves is not possible within - O.U ms after the

laser flash (the laser flash is designated as t = 0 ) . The observed decay

curves are nonexponential. The typical fluorescence "lifetime" measured

towards the end of the decay is about 3 ms in nitrogen and somewhat longer,

approximately 5 ms, in argon matrices. The lifetimes vary somewhat for

different H2C0 and CO concentrations and have large uncertainties due to the

low S/N ratio in the tail of the decay curves. The measured fluorescence

intensities were considerably higher in nitrogen matrices than in argon. In

fact, in argon the signals were so weak that the high frequency cut-off filter

was set at 10 kHz instead of 300 kHz in order to improve the S/N ratio. Due to

the higher S/N ratio, we will only consider the nitrogen experiments in the

following.

12

Fig. 1: Decay curve of the total infraved fluorescence of an Ar/H^CO/CO

(1000/1/1) mixture at 12 K. Due to background fluorescence accurate

measurement of the decay curve is not possible within - 0.4 ms after the laser

flash (t = 0)• The high frequenay cut-off filter was set at 10 kHs.
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Fig. 2: Decay curve of the total infnzred fluorescence of an S2/H2CO/CO

(1000/1/1) mixture at 12 K. Aoourate measurement of the decay curve is not

possible within -0.4 me after the laser flash. The high frequency cut-off

filter was set at ZOO KHz.

Fig. 3 shows the decay curves of mixtures with different amounts of H2CO,

keeping the CO concentration constant, while the effect of varying the CO

concentration is demonstrated in fig. H. In this case the concentration of

H2CO was maintained at a fixed value. The plotted points are scaled to 100

relative intensity units at t » 0.1* ros and represent the average of several

experiments. The standard deviation of each point is typically 1 units, except

for the points of the N2/H2CO/C0 (1000/0.01/1) mixture, where the standard

deviation is as large as 8 units. A clear trend can be recognized: the initial

decay is faster with increasing H2C0 and CO concentration. On a longer

tiraescale, however, the decay rates become similar.



Fig. 3: Decay curves of several mixtures with different amounts of H2CO: (o)
S3/H2CO/CO(1000/0.01/1); (•) N2/H2CO/C0(1000/0.1/I); (*) N2/H2C0/C0t1000/1/1).

The plotted points are sealed to 100 relative intensity units and represent

the average of several experiments, The standard deviation of each point is

typically 4 units, except for the (O) points, where the standard deviation is

as large as 8 unite. The solid lines are calculated curves using the model

described in section 4. The parameter values are: a = 100 ms'1, S = 0.04

ms"1, y= 0.069 ms'1 for all curves and (a) Ak = S x 103 me'2, (b) Ak =
5 x 10^ ms~^, (a) Ak = 5 x 10^ ms~^, corresponding to an increase in H2C0

concentration by a factor of 10 going from (a) to (b) to (a).
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Fig. 4: Deaay curves of several mixtures with different amounte of

CO: (a) S2/H2C0/C0 (1000/1/0.01); («) S2/H2C0/C0 (1000/1/1); (.*) S2/H2CO/CO

(1000/1/10). The plotted points are saaled to 100 relative intensity unite and

represent the average of several experiments. The standard deviation of each

•point is typically 4 unite.

Fig. 5a shows the emission spectrum of an N2/H2CO/C0 (1000/0.1/1)

mixture. The emission arises mainly from higher vibratlonal levels of CO: it

peaks at 2050 cm , which is close to the v - 2 •• v - 1 and v • 3 • v • 2

transition frequencies of 13c0 (2041 and 2066 cm"1, respectively, in argon;

Dubost and Charneau, 1976). Most of the emission seems to arise from ^ c o

because it acts as an efficient trap of the vibratlonal excitation (Dubost and

Charneau, 1976). On the low frequency side, emission from higher vibratlonal

levels of ''co up to v - 6 also contribute to the band contour, as was

confirmed in experiments with higher resolution (not shown here). The emission

spectrum of a '^CO enriched sample Is presented in fig. 5b. Apparently, due to

a higher transfer rate among ^CO, the emission is shifted to lower

wavenumbers compared with fig. 5a and peaks at about 2000 cm"1, close to the

v - 5 + v - 4 transition frequency of '^CO (1991 cm"1; Dubost and Charneau,

1976).
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Fig. S: Emission spectra of the integrated fluorescence decay curves: (a)

Sg/H2C0/C0 (1000/0.1/1), integrated between 0.2 and 10.0 ms; (b) N2/HvC0/
13C0

(1000/0.1/1), integrated between 0.4 and 4.0 ma. The circles (o) in fig. 5a

represent the calculated fluorescence intensities from different v levels,

integrated between 0.2 and 10.0 ms, using the model described in section 4.

The parameter values are: Ak = 5 x 104 ms~S, a - 100 ms'1, 6 = 0.04 ms'1

and y = 0.069 ms . Going from left to right the circles represent emission

from levels v = 2 up to 7. The calculated values are scaled to the measured

spectntm at 2066 am'1 (v = 2).

The temperature dependence of the decay curve of an N2/H2CO/CO

(1000/0.1/1) mixture is presented in fig. 6. Increasing the temperature by

only a few K results in a substantially faster decaying infrared signal.

Similar effects have been observed by Dubost and Charneau (unpublished

results; see Legay, 1977) who studied the temperature dependence of the CO

fluorescence in argon in the presence of CHj, impurities. As can be seen in

fig. 6, lowering the temperature again only partially restores the decay curve

initially observed at that temperature, probably because of annealing effects.
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Viy. 6: Temperature dependence of the decay curve of an tin/HnCO/CO

(luOU/0.1/1) mixture. The plotted points are scaled to 100 relative intensity

uniis. (O) 12 K; (a) 14 K; (A) 18 K; (A) 12 K, after tiavmip to 16 K.

't. DISCUSSION

Apparently excitation at 308 nm of H2C0 In the S1 state results In

infrared fluorescence of CO present in the matrix. Naturally, this raises the

question by which mechanism the excitation is transferred from H-,C0 to CO.

Some possibilities will now be discussed.

The threshold for molecular photodissociation of H2C0, i.e.

H CO + hv + H CO, (4)

in the gas phase, occurs at the Ŝ  o r ig in at 355 nm (McQulgg and Calvert,

1969; Clark et a l . , 1978). However, H2C0 isolated in so l id rare gas matrices

does not decompose s ign i f i can t ly upon exci tat ion between 278 and 355 nm,

because the matrix cage eliminates the dissociation continuum as a f i n a l state

for radiationless t rans i t ion {Thomas and Gui l lo ry , 1973; Goodman and Brus,

1978; Molina et a l . , 1978; Diem and Lee, 1979). Photodissociation of dimers of
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H2C0 in matrices is known to occur at wavelengths shorter than 320 nm (Diem

and Lee, 1982). Apparently H2C0 diners are photolyzed more effectively than

monomeric H2C0. This has been ascribed to the proximity of the reactive

partner in the cage, to give CH^OH and CO. However, if this would be the

mechanism to produce vibratlonally excited CO, one would also expect infrared

emission from samples containing H2C0 and the matrix material only, contrary

to our observations (see also chapter IIIA). Furthermore, with the

concentration range used in this study, very few H2C0 dimers are present.

Let us now consider energy transfer from H2C0 to CO without

photodissociation taking place. In nitrogen matrices, the v = 1 exciton band

of N 2 may assist in the transfer from HgCO to CO: after relaxation to the

ground electronic state the energy may flow from the v • 1 level of the

symmetric and/or asymmetric C-H stretching vibration of H2CO (2800 and 2865

cm"', respectively; Khoshkhoo and Nixon, 1973) to the v » 1 exciton band of N 2

(2329 cm"11 Cahill and Leroi, 1969). Through exchange interaction the v = 1

vibron can travel through the matrix until it meets a trap, such as the v - 1

level of CO (2140 cm" 1). In the case of argon, the energy transfer has to take

place directly from H2C0 to CO. The vibrational excitation may travel through

the matrix via resonant energy transfer among the H2CO molecules until it

meets a CO. The rate of resonant energy transfer is dependent on the

refractive index of the medium (FSrster, 1951). As the refractive indices of

solid argon and nitrogen are comparable (1.27 and 1.22, respectively; Kruger

and Arabs, 1959; Marcoux, 1970), similar energy transfer rates are to be

expected in both matrices. Therefore, in view of the much higher fluorescence

intensities observed in nitrogen, the process of energy transfer via the v •» 1

exciton band of N 2 must be dominant.

The observed emission is characterized by a nonexponential decay and by

the fact that the emission originates mainly from higher vibrational levels

of ^co. In addition, the decay curves are concentration dependent for both

H2CO and CO. In order to account for this behavior, we have developed a model

which describes the time evolution of the population of the vibrational levels

of CO. For the sake of simplicity only emission from ^co will be considered.

Before we start our discussion it is important to realize that whereas

reaonance transfer for C0(O (see eq. (1)) is rapid, this does not apply in

the case of multiply excited CO, i.e. for n > 1

C0(n) + C0(0) •» C0(0) + C0(n) (5)
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involves a multiple quantum transition which is to first order forbidden.

Hence, multiply excited CO molecules tend to act as trap3.

After excitation by the laser flash into its first excited singlet

electronic state the H->CO undergoes internal conversion and ends up in its

electronic ground state with presumably the v - 1 level of a C-H stretching

mode excited. Part of the vibrational excitation is transferred from H2C0 to

mostly '2C0 and then moves through the matrix via resonant energy transfer

until it gets trapped in ^co (1.1$ abundance). Another part of the excitation

may get lost due to traps by crystal imperfections and impurities. The result

is a ^CO molecule vibrationally excited in the v = 1 level (in the following

CO stands for 1 3C0):

H2C0(1) + C0(0) -> H C0(0) + C0(1) + AE. (6)

Taking into account that H2CO(1) has a finite lifetime this yields for the

rate of population of C0(1):

^ [C0(1)] = Ae"at, (7)

where [C0(1)] Is the concentration of C0(1), o the inverse lifetime of

vibrationally excited H2CO and A an "amplitude" which is proportional to the

laser flash energy, the concentration of H2CO and the concentration of CO.

Higher vibrational levels are populated via phonon assisted excitation

transfer (between 1^c0):

C0(1) + C0(1) $ COCO) + C0(2) + AE (8a)

C0(1) + C0(2) $ C0(0) + C0(3) + AE (8b)

C0(1) + C0(3) ^ C0(0) + COO) + AE, (8c)

etc. At low temperature the reverse reactions are not possible due to a lack

of phonon energy. It is assumed that the rate constant k is the 3ame for all

reactions (8), i.e. the process is transfer controlled. Reactions (8) lead to

the following rate equations:
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^ -2k[CO(1)]2 - k[CO(1)] t [CO(v)] (9a)
d t v-2

— [C0(2)] - k[COO)][CO(1)] - k[C0(1)][C0(2)] (9D)

%£ [C0(3)] = k[CO(1)][C0(2)] - k[CO(1)][CO(3)], (9c;>

etc., where a factor 2 appears in the first equation because two CO(1) yield

one CO(2).

Radiative decay was also incorporated in the rate equations, although it

turned out to have little influence on the final calculated curves. According

to the quantum mechanics of the harmonic oscillator the lifetime of level v is

related to the lifetime of the first excited level, as follows (Manz, 1977):

T _,(v + v-1) - - i .(1 + 0), (10)
rad v rad

with t (1 +• 0) = 11.5 ms (Dubost and Charneau, 1976). The decay process may

be written as

COO) -1 C0(0) + hv 0 la)

C0(2) Q COO) + hv (11b)

C0(3) ̂  C0(2) + hv, (11c)

etc., where the rate constant Y = (T .(1+0)) = 0.069 ma"1. The rate

equations due to radiative decay are:

^ [C0(D] = - Y[CO(1)] + 2Y[C0(2)] (12a)

^ [C0(2)] = -2Tf[C0(2)] + 3"V[CO(3)] (12b)

4r [C0(3)] - -3Y[CO(3)] + 1Y[CO(1))], (12c)
dt

etc. It may be mentioned at this point that eqs. (12) lead to an exponential

decay of the total emitted light with decay time 1/Y. This is easily seen from

eqs, (11): the probability of emission of one quantum is proportional to t.'-e

number of quanta in CO.



Up to this point we have introduced in the eqs. (7), (9) and (12) only

one mechanism of annihilation of vibrational energy, which is radiative decay.

As we have seen this leads to a single exponential decay. One may visualize

that C0(1), which shows rapid transfer and may be annihilated by traps, could

be the channel through which vibrational energy is removed. This would imply

that increasing the H2C0 concentration, which comes in through eq. (7) and

increases the rate of the bimolecular reactions (8), would give rise to a

decrease of C0(1) relative to C0(2), C0(3), etc. It would slow down the decay

rate, contrary to observations (fig. 3). We thus were forced to introduce

radiationless decay for all vibrational levels as follows:

C0(1) * C0(0) (13a)

C0(2) •> C0(0) (13b)

C0(3) * C0(0), (13c)

etc.

The radiationless decay is in fact caused by impurity molecules, probably

C0 2. Dubost and Charneau (unpublished results; see Legay, 1977) have found

that CO-, is a very efficient quencher of the CO fluorescence, probably because

it has many vibrational levels with energies lower than or close to the CO

fundamental vibrational frequency, which can readily accept energy from CO via

phonon assisted energy tr<_ .sfer. The nitrogen gas used in our experiments was

slightly contaminated with C0 2 and H20, as infrared absorption spectra

indicated. Furthermore, a very important cause of introducing impurities in

the sample is via the deposition tube during deposition (Dubost, private

communication). We may note at this point that H2CO itself is not a very

efficient quencher as is obvious from fig. 3.

If the rate constants of the processes (13) were taken equal, say 8, it

would again lead t.. exponential decay of the total emitted light intensity

Together with (11) it would yield a single exponential emission decay curve

with decay time (Y + B) , independent of H2C0 concentration through (7). The

situation thus appears to be as follows. For processes (13) the accepting C0 2

molecules have an increasing number of levels for increasing energy (v).

Hence, one may expect the rate constants of (13) to increase with v. We tried

a number of options: <* v, « v and « v^. The second option appeared to give
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the beat resul ts . Thus we Introduced

COO) 4 co(0) (14a)

C0(2) S& C0(0) (1Kb)

CO(3) ^ C0(0), (14c)

etc . , with corresponding rate equations

| ^ [COO)] = - g[C0(1)] (15a)

| j [C0(2)] = -4B[CO(2)] 05b)

^ [C0(3)] - -98CCO(3)]. 05c)

etc . Taking together eqs. (7), (9), (12) and (15) one obtains:

^ r [COO)] - Ae ' a t - 2k[C0O)]2 - k[C0O)] I [CO(v)]
d t v-2

- Y[C0(1)] + 2Y[C0(2)] - B[CO(D] (16a)

| f [C0(2)] - k[C0O)][C0O)] - k[C0(1)][C0(2)]

-2Y[C0(2)] + 3Y[CO(3)] - 4B[C0(2)] (16b)

| f [C0(3)] « k[C0O)][C0(2)] - k[CO(1)][CO(3)3

-3Y[CO(3)] + 4Y[C0(4)] - 96[CO(3)], O6o)

etc., where Y « 0.069 ms"1. If we are not interested in absolute values of

[C0(n)] and scale our curves, as we did, it is clear from the above equations

that only the product Ak ha3 to be known, i.e. the combination A, k and fA,

k/f, where f is an arbitrary constant, produce the same result. Three

parameters remain: the product Ak, the inverse lifetime o of vibrationally

excited H2C0 and the radiationless decay rate constant 6. The lifetime of

vibrationally excited H2C0 in nitrogen or argon is not known. However, it must
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be shorter than - 100 (is, otherwise we would have detected infrared

fluorescence from H2CO suspended in these matrices (see also chapter IIIA). We

took 10 us (a = 100 IDS" ). It turned out that changing a could be more or less

compensated by changing Ak and 6. Clearly, from eqs. (11) the emitted light

intensity at time t is proportional to

I(t) « I v[C0(v,t)3, (17)
v-1

where CCO(v.t)] is [CO(v)] at time t.

The set of equations (16) was solved numerically using levels up to

v = 10. The calculated scaled fluorescence intensity as a function of time and

parameter values is given in fig. 3. Similarly, the calculated integrated

intensity from different v levels is given in fig. 5a. Clearly the calculated

curves and spectrum match quite well with the experimental results, indicating

that the model is essentially correct. With the parameter values given [C0(1)]

was small after a very short time and contributed little to the fluorescence

intensity. The introduction of a finite lifetime for vibrationally excited

H2CO is quite essential: if all C0(1) were generated at once at t - 0 the

observed population of higher v levels would not be attainable. Too much C0(1)

is then used for producing C0(2) before higher levels get populated. A gradual

supply of C0(1) with time turns out to be necessary. The dependence on H2C0

concentration comes in via eq. (7), the bimolecular processes (8) and

different decay characteristics for different v levels. If the concentration

of CO is raised k (transfer rate) as well as A are increased. Hence one may

expect a considerable effect on decay curves (fig. 4). If C-13 enriched CO is

used the transfer rate between 13co goes up enormously and higher v levels are

populated (fig. 5b).

The observed increase in decay rate at higher temperatures (fig. 6) is in

agreement with the picture given above. If the temperature is raised from 12 K

to I1) K, kT increases from 8.3 to 9.7 cm"1. If we compare these numbers with

the influence of anharmonicity on the energy of the vibrational levels of CO,

which is about 25 cm" for the lower levels, it is clear that phonon assisted

back reactions of (8), i.e.

CO(2) + C0(0) • AE + C0(1) + C0(1) (18a)
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C0(3) + C0(0) + AE * C0(2) + COCD (18b)

CO(1) + CO(O) + &E * CO(3) + CO(1), (180)

etc. now become important. The concentration of C0(1) is raised and

annihilation of CO(1) by traps then has to be taken into account. This

indicates that anhartnonicity is essential for containing excitation energy in

higher vibrational levels.

Electronic to vibrational energy transfer from Hg atoms to CO and

subsequent infrared fluorescence of CO in CO, Kr and N 2 matrices has been

observed by Legay and co-workers (Legay and Legay-Sommaire, 198U; Legay,

1985). The Hg atom and the CO molecule form a 1:1 complex, in which the

vibrational frequency of CO is lowered slightly. The emission appears to arise

from Hg'CO complexes only, i.e. the transfer takes place inside the

Hg*CO complex and the excitation is trapped at that point. The results of our

experiments clearly show that transfer among the CO molecules occurs.

Apparently CO and H2CO do not form a complex in which the CO fundamental

vibration is shifted to substantially lower wavenumbers. This is confirmed by

infrared absorption spectra which do not show any absorption appearing on the

low frequency side of the CO fundamental vibration when H2CO is present in the

matrix.

5. CONCLUSIONS

Electronic to vibratlonal energy transfer from H2C0 to CO has been

studied in argon and nitrogen matrices. Upon laser excitation of H2C0 in the

first excited singlet state infrared fluorescence of 1^C0 is observed from its

vibrational levels in the ground state. Fluorescence intensities are much

higher In nitrogen than in argon, probably because the v = 1 exciton band of

N 2 assists in the energy transfer from the C-H stretching vibrations of ground

state H2CO to the v - 1 level of CO. Photodi ssoci at ion of H2C0 does not occur

with the excitation wavelength and concentration range used.

The infrared emission decays nonexponentially and originates mainly from

higher vibrational levels of ''CO, which acts as a trap for the excitation. A

model has been developed which accounts for this behavior and matches the

experimental results. The key features of this model are:
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f (1) Rapid t ransfe r of '.'0(1) leading to the population of higher

• '••-' ^ ib r? t io^a l l e v e l s .

[?) A f i n i t e l i fe t ime r.f vihratlon-i1.1 y exciteri HVCO in the ground s t a t o

in order to populate s».itfieient.l y high v ibra t iona l l eve ls of CO.

(3) Nonradi3tive decay to CO, impuri t ies present in the matr ix ,

increas ing with v for COfv).

(4) Radiat ive decay.
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C H A P T E R IVA

INFRARED SPECTRUM OF FORMALDEHYDE IN MOLECULAR MATRICES AND THE

EMISSION FEATURES NEAR 3.5 MICRON IN THE PRE-MAIN-SEQUENCE STAR HD97018

ABSTRACT

Infrared absorption spectra are presented of HgCO suspended in molecular

matrices at 12 K. It is shown, that H^CO forms chemical complexes with

surrounding molecules in the matrix, resulting in blue shifts of the symmetric

and asymmetric C-H stretching mode of HnCO, The shifts can be qualitatively

explained in terms of the lone pair effect of the oxygen of HfjCO. An

approximate match with, the emission features near 3.5 urn observed in HD97048

is obtained. However, the possibility that ultraviolet pumped infrared

fluorescence of H2CO frozen on grains gives rise to these emission features

can be excluded on the basis of the required ultraviolet to infrared energy

oonoeraion factor, which is - 10~". An alternative explanation might be

emisaion from polycyclic aromatic hydrocarbons aontaining aldehydia groups.

Parts of this chapter have been published in: Astronomy and Astrophysics Vt5_, 262 (1985)
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1. INTRODUCTION

Formaldehyde (H2CO) i s one of the many species observed in i n t e r s t e l l a r

space by radio observations (Mann and Williams, 1980) and i s also l ikely to be

present in the mantles of i n t e r s t e l l a r grains in molecular clouds. Model

calculat ions on the composition of grain mantles by Tielens and Hagen (1982)

and d'Hendecourt et a l . (1985) indicate that H2C0 is a constituent of the

mantles under a variety of conditions. In addit ion, HgCO i s readily formed

upon photolysis of "dir ty ices" at 12 K, presumably due to the ava i l ab i l i ty of

CO and photolytic hydrogen atom sources (molecules such as H20, CĤ  and NHj;

d'Hendeeourt et a l . , 1986). These l a t t e r two conditions are l ikely to prevail

in grain mantles. Consequently, i t might be possible to observe infrared

absorption of solid H2CO towards heavily reddened objects . A comparison of

laboratory spectra with the 5 to 8 ym region of the spectrum of W33A, a highly

obscured infrared source, shows that HgCO might indeed be present in t h i s

object (Allamandola, 1981).

A number of s t e l l a r objects , planetary and ref lec t ion nebulae, H I I

regions and extragalact ic sources show broad emission features in the mid-

infrared region of the spectrum. The objects which show the features are

characterized by a high u l t rav io le t flux. The strongest features are at 3 .3 ,

3 .1 , 6.2, 7.7, 8.6 and 11.3 m (see reviews by Aitken, 1981; Allamandola,

1981; Willner, 1981). More recently, addit ional weaker features have been

discovered between 3.1 and 3.6 pm on top of a broad plateau (Geballe et a l . ,

1985; de Muizon et a l . , 1986). A strong 3.53 ym emission feature was

discovered by Blades and Whittet (1980) in HD97O18, a pre-main-sequence s tar

of spectral type B9-A0 Ve in the Chamaeleon T associat ion, which illuminates a

ref lec t ion nebulae in the Chamaeleon dark cloud a t a distance of 150 pc from

the sun. Variable hydrogen l i ne emission (Irvine and Houk, 1977) and an

infrared excess (Grasdalen et a l . , 1975) indicate that th i s s ta r i s losing

mass and 13 surrounded by a circumstellar dust s h e l l . Compared to the other

infrared emission features the 3.53 ym emission i s quite ra re and up to now

has only been seen in one other object, Eli as 1 (Allen et a l . , 1982; Whittet

et a l . , 1981). In addition to the unusual 3.53 nm feature, HD97018 shows

emission features near 3.3, 3.1 and 11.3 Mm (Blades and Whittet, 1980; Aitker

and Roche, 1981). While in other objects the 3.1 iim feature Is weak re la t ive

to *-.hat at 3.3 ym, the s i tuat ion i s reversed in HD97018, suggesting an

additional contribution at 3.13 vim, probably correlated with the 3.53 vim
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feature as Baas et al. (1983) have pointed out.

Based on the suggestion of Allamandola and Norman (1978), Blades and

Whittet (1980) proposed the symmetric and asymmetric C-H stretching mode of

H2C0 (v, and v_, respectively) or its polymeric form, (H2CO)n (polyoxymethy-

lene), as the most likely candidates for the 3.53 and 3.I3 \jm feature. Later,

Aitken and Roche (1981) rejected polyoxymethylene because 8-13 pm spectro-

photometry of HD97018 did not show the expected strong features of

polyoxymethylene near 9, 10.5 and 12 ym. Baas et al. (1983) presented high

resolution spectra of HD97018 in the 3 pm region (resolving power of 450) and

identified the 3.53 and 3.13ym feature as H2C0. The identification was based

on a comparison of the features with previously published laboratory infrared

absorption and Raman 3pectra of H2C0 suspended in low temperature argon and

nitrogen matrices. The spectra showed that the vibrational frequencies of HgCO

in these matrices were blue shifted with respect to the gas phase values.

Although the shifts were not sufficiently large to match the observed features

in HD97048, Baas et al. argued that interactions of H2C0 with adjacent

molecules in the grain could give rise to such shifts.

In this paper we present the results of an infrared spectroscoplc study

of H2CO suspended in low temperature molecular matrices with compositions

similar to what may be found in the dirty ice mantles of grains. It appears

that chemical complexes of HgCO with surrounding molecules can indeed shift

the v and vt mode to similar frequencies as the observed features in HD970t8.

However, the required infrared emission efficiency is at least three orders of

magnitude too high for H2CO in dirty ices to be a plausible candidate for the

3.53 and 3.1)3 iim emission feature. An alternative possibility might be

emission from polycyclle aromatic hydrocarbons containing aldehydic groups.

2. EXPERIMENTAL

In a vacuum chamber gas mixtures were deposited onto a rotatable aluminum

substrate cooled to 12 K by an Air Products CSW-202A dlsplex closed cycle

helium refrigeration system. HgCO and C02 were deposited via separate

deposition tubes, because of possible reaction with NH3 in the gas bulb. The

vapor pressure of H2CO was fixed by means of slush baths at 131 or 113 K

surrounding the H2C0 container. The temperature of the substrate was measured

with an Au-Fe H% Chromel thermocouple.
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HgCO was prepared by thermal cracking of polyoxymethylene ("para-

formaldehyde", Baker) at 390 K, using a simplified version of the method of

Spence and Wild (1935): the H2CO vapor was trapped at liquid nitrogen

temperature and then distilled from a dry ice trap to a liquid nitrogen

storage trap. The purity of H2CO was checked by recording the infrared

absorption spectrum of an Ar/H2C0 (100/1) mixture. Only bands due to H2C0 were

observed. Gaa mixtures were prepared in a greaseless glass vacuum line using

standard gas handling techniques. The purity of the gases used were: CO, C.P.

99.5t (Matheson), further purified by filtration through a molecular sieve-

activated charcoal filter; C02, 99.995* (Messer Griesheim); NH3> 99.6* anh.

(Matheson); and 0 2, 99.5? (Hoekloos). H20 (distilled and demineralized) was

further purified by several freeze-thaw cycles under vacuum.

Infrared absorption spectra between 1000 and 100 cm"' (2.5 and 25 inn)

with a resolution of 2 cm"1 were obtained in reflection using a Fourier

transform spectrometer (Digilab FTS-15 B/D) connected to a Nova 2 mini-

computer.

A microwave powered hydrogen discharge lamp U = 1 6 0 run) was
ID3X

occasionally used to photolyze the ices.

3. RESULTS

Fig. 1 shows the absorption spectrum from 4000 to 400 era"1 of a
C0/C02/H20/NH3/H2C0 (10/5/3/1/1) mixture at 12 K. The fundamental vibrational
frequencies of H2C0 in this mixture are l is ted in table 1. They are numbered
following Herzberg (1966). The amount of C02 and H2C0 (deposited via
noncalibrated deposition tubes) relative to the other species in the sample is
estimated from the integrated absorbanoe values In the spectrum. The region
from 2970 to 2745 cm"1 (3.1-3.6 m), containing the v and v_ mode of H2C0, is
shown in fig. 2a, while the spectrum of HD97048 i s shown in the same
wavelength region in fig. 2b. The position of the absorption feature at 2835
cm"̂  (3.527 um) in the laboratory spectrum, which is assigned to the v. mode
of H2C0, cloaely matches that of the main emission band at 3.53 tan in HD97O18.
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Wavelength (^m) »•
3 U 5 6 7 8 9 10 15
1 I 1 1 1 1—r~l r

C0/CO2'H20/NH3/H2CO (10/5/3/1/11 ot 12 KQ0

1.0 -

4000 3000 2000
Frequency Icm"')-

1000

Fig. 1: InfPared absorption spectrum of CO/CO2/H2O/NHs/H2CO (10/5/3/1/1) at

12 K. See table 1 for the band positions of the HgCO fundamentals.

fable 1: The fundamental vibrational frequencies (in am'1) of H2CO in

CO/CO2/H2O/SH3/H2CO (10/5/3/1/1) at 12 K. The fundamentals are numbered

following Herzberg (1988).

Fundamental mode Frequency (cm"1)

2835

1719

1500

1183

2896

1219
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3140

Wavelength ( u m ) -

3.50 3.60

0.00

Fig. 2: (a) The 2970-2745 onT1

region of the apeatrum of fig. 1
ehoaing the v1 and v_ mode of
H3CO. (b) The epeatrum of HD97048
in the same wavelength region.

2900 2800
Frequency {cm"')

In order to understand the nature of the unusually large blue shift of
the v and v_ band of H2C0 with respect to the gas phase values, which are
2766 and 28*43 cm"', respectively (Blau and Nielsen, 1957), the individual
effects of the components of the mixture on these bands have been studied. The
2960-2760 cm1*1 region of these spectra i s shown in fig. 3a-f, with the
position of the main emission features of HD97O48 indicated by arrows on the
abscissa scale. In all cases the v. and v_ band are blue shifted with respect
to the gas phase values. The positions of the bands are summarized in table 2
and discussed below.

In carbon monoxide (C0/H2C0 - 250/1, f ig. 3a) at 12 K, two bands appear
at 2795 and 2862 cm"'. The shift of v. and w relative to the gas phase values
i s caused by weak Interactions of H2C0 monomers with surrounding CO molecules.
After warmup of the sample to 32 K and recoollng to 12 K (fig. 3b), CO has
partly evaporated and dimeric and higher associated complexes of H2C0 have
been formed, giving rise to additional, further blue shifted features at 2808,
2817, 2871 and 2880 em"' (in matrix Isolation spectroscopic studies higher
associated complexes are usually adressed to as "higher polymers", although
they are not polymers in the chemical sense; see also chapter IVB of this
thesis) .
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(d)

CO/H2CO I2S0/1)
1

CO/HjCO (250/1)
ofttr worm up

1 +

H?0/H2C0 (20H)
1 it-

(20/1)

CO2'H2CO (600/11
1 1 1-

I2(H2CO 160/1)

2900
• f

Frequency
2900

lcmfl

Fig. 3: The 2960-3760 am'1 region of

the infrared absorption spectra of H2C0

suspended in various mleeular

matrices. See table 3 for the band

positions of v and v5 of H2C0. Rela-

tive intensities of absorption bands in

different speotra aan not be determined

because different absorbanee scales

have been used. The position of the

wain emission features observed in

HD97048 are indicated by arrows on the

abscissa scale, (a) C0/H2C0 (250/11,

12 K; (b) C0/H2C0 (350/1), 12 K after

narmup to 32 K; (a) H20/H2C0 (20/1),

12 K; (d) SH3/H2C0 (20/1), 12 K; (e)

C02/H2C0 (600/1), 12 K; 0g/H2C0 (60/1),

ratio of the spectrum taken at 40 K to

that at 30 K after 2 hrs photolysis

u>ith the hydrogen lamp at 12 K.

Frozen in water (H20/H2C0 - 20/1, fig. 3c), the spectrum shows two weak

bands at 2785 and 2853 cm"1, which are due to monomeric HgCO. The

concentration of H2C0 In this mixture, as well as in the mixtures with ammonia

and oxygen, is much higher than in the other matrices. Therefore, most of the

H2CO occupies sites adjacent to other HgCO molecules forming associated

complexes which produce the two broad bands at 2823 and 2886 cm'1 (Harvey and

Ogllvie, 1962). This assignment has been tested and confirmed by experiments

with different concentrations of H2C0 in H20. The intensity of the bands



assigned to associated H2C0 relative to the intensity of the monomeric H2CO

bands decreases as one goes to lower concentrations.

Suspending H2CO in ammonia (NHJ/HJCO = 20/1, fig. 3d), again gives rise

to the two associated HgCO bands at 2823 and 2886 om"1. Fig. 3d also shows

that v. of H2CO monomers in NH^ absorbs very weakly at 2775 cm"
1, while the v_

feature is presumably obscured by the 2823 cm"1 band.

In the case of carbon dioxide (CO2/H2CO = 600/1, fig. 3e), monomeric H2CO

undergoes a somewhat stronger shift than in the other matrices, with u and

v_ absorbing at 2806 and 2871 cm"1. A much stronger interaction is clearly

also possible in CO.,, as shown by the two strong features at 2837 and 2900

cm''. These two bands can not be due to associated H2C0 because the

concentration of H2C0 is thirty times less than in H20 and NH,. In H20 at this

low concentration of H2C0 the associated H2CO bands were not present.

Table 2: Band positions (in am'1) of the v and v mode of H2CO in various

molecular matrices. For comparison, the values of gas phase H^CO,

polyoxymethylene and of the main emission features observed in HD97048, are

also given.

Matrix v. (cm ) v_(cm )

2862

2853

2900

2871

2901a

2886

2887

2843

2980

2915

a These bands appear after 2 hrs photolysis with the hydrogen lamp and

subsequent warmup to 40 K.

CO

H20

MH3

co2

°2
associated H2CO

polycrystalline HgCO

gas phase H2C0

polyoxymethylene

HD97018

2795

2785

2775

2837

2806

2815

2823

2832

2766

2919

2833
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I
i /

Fig. 3f shows the result of an experiment in which an O2/H2CO (60/1)

mixture was photolyzed for two hours with a hydrogen discharge lamp at 12 K

and subsequently warmed up. The ratio of the spectrum taken at 40 K to that at

30 K is shown in this figure. Two broad bands centered at about 2845 and 2901

cm"1 appear upon warm up from 30 to 10 K, due to one or more different H2C0

complexes. The complexing species is (are) produced by photolysis, because

nonphotolyzed mixtures fail to show these bands. The most likely candidate is

ozone (Oj), which is readily formed upon photolysis.

Fig. 4 shows the 2960-2760 cm"1 region of the spectrum of pure associated

("amorphous") H2C0 at 45 K (a) and polycrystalline H2CO at 77 K (b) which

appears upon warmup of associated H2C0 (Schneider and Bernstein, 1956). This

is a crystalline phase of H2C0 showing sharp bands at 2832 and 2887 cm"
1.

I Ibl
o
in

a

H2C0,45K

H2CO.77K

L_L _L
2900 2800

Frequency (cm"1)

Fig. 4: The 2960-2760 cm'1 region of the infrared absorption spectrum of pure

aseoaiated H2C0 at 45 K (a) and polyaryetalline H^CO at 77 K (b). See table 2

for the band positions. Relative intensities of absorption bands in different

spectra can not be determined because different absorbance scales have been

used. The position of the main emission features observed in HD97048 are

indiaated by arrows on the abscissa scale.
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1. DISCUSSION

The shift to higher frequencies of the v. and v vibrational mode of H2C0

in different matrices with respect to the gas phase values can be

qualitatively explained as follows.

The symmetric and asymmetric C-H stretching frequency of simple saturated

or unsaturated hydrocarbons lie between 2900 and 3300 cm"1 (Bellamy, 1958).

The C-H bond in H2C0 is adjacent to a carbonyl (,C-0) group. The oxygen,

possessing lone pair electrons, has the ability to donate part of these

electrons into the antibonding orbital of the C-H bond, thereby weakening it

and shifting the symmetric and asymmetric C-H stretching frequency to a lower

value compared with hydrocarbons (the "lone pair effect"; Bellamy and Mayo,

1976). For gas phase H2C0 these values are 2766 and 2843 cm"
1, respectively

(Blau and Nielsen, 1957).

It is the lone pair effect of the carbonyl oxygen which plays a key role

in determining the shift of v. and v^: in noble gas matrices and CO, weak

dispersive interactions attract the electrons from the carbonyl group towards

the surrounding molecules, thus lowering the electron density in the carbonyl

group and hence also in the antibonding C-H orbital. The result is a shift of

the C-H stretching vibrations to higher frequencies with respect to the gas

phase.

The ability of H2C0 to interact more strongly with other molecules,

forming chemical complexes, is illustrated by considering the interaction with

an acidic molecule such as H20: Nelander (1980) has shown that a 1:1 complex

of H20 and H2CO is formed in argon and nitrogen matrices via hydrogen bonding

between a hydrogen of H20 and the oxygen of H2C0. Part of the lone pair

electrons of the H2C0 oxygen are involved in this hydrogen bond, again

lowering the electron density in the antibonding C-H orbital and blue shifting

the symmetric and asymmetric C-H stretching frequency. In argon for example,

these values are 2817 and 2882 cm"', respectively. For H2C0 in an H20 matrix,

the situation is more complicated because different kinds of interactions are

involved.

H2C0 is also known to form 1:1 complexes with bases such as NHj,

producing slight blue shifts of the C-H stretching modes (Nelander, 1982).

Again, because of the possibility of many types of interactions, it is

difficult to predict the way in which v, and « of H2C0 isolated in an NH3

matrix are affected.
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For associated HgCO, intimate contact between the carbonyl groups of

neighboring molecules promotes concerted effects, which perturb this group to

a much larger extent (Schneider and Bernstein, 1956). The coincidence in

frequency of this kind of complex with the bands in carbon dioxide and

possibly ozone (which has an electronic structure like that of C0 2), suggests

that a similar mechanism occurs in these solids.

The bands at 2806 and 287'I cm"1 in the C02 matrix are probably due to

H2C0 complexed to a much lesser extent than the higher frequency bands. In

fact, the positions of these bands are close to those of the t:1 complex of

H2C0 with C02 in argon and nitrogen matrices (chapter IVB of this thesis).

The above experiments show that suspending H2C0 in molecular matrices

which are comprised of molecules likely to be constituents of grain mantles,

will in general result in chemical complexes of H2C0 with surrounding matrix

molecules, with corresponding blue shifts of the v, and \>- mode of H2C0 with

respect to the gas phase values. Comparing fig. 3a-f with fig. 2a indicates

that the features in the spectrum of fig. 2a are mainly due to a blend of

absorption bands of associated H2C0 and complexes of H2C0 with C02.

5. ASTROPHYSICAL IMPLICATIONS

In the previous sections it has been shown that chemical complexes of

H2C0 with surrounding molecules cen indeed shift the v. and v mode to similar

frequencies as the 3.53 and 3.13 m feature in HD97018. In the laboratory

spectrum shown in fig. 2a, the v,- mode of H2C0 absorbs at 3.H5 ym (2896 cm" 1).

While there seems to be a weak feature at this wavelength in HD97018, the

strongest emission is observed at 3.13 pm. There is no counterpart of the

3.t3 um feature in the laboratory spectra, although fig. 3e and 3f indicate

that very strong interactions between H2C0 and other species may produce the

required shift. It is unlikely that the 3.53 urn feature is due to associated

and/or polycrystalline H2C0 because these complexes would polymerize to

polyoxymethylene upon exposure to ultraviolet radiation (Goldanskii, 1976).

The symmetric and asymmetric C-H stretching mode of polyoxymethylene absorb at

2919 cm"1 (3.13 um) and 2980 om"1 (3.36 u">), respectively (Piseri and Zerbi,

1968).

The most likely excitation mechanism for the infrared emission features

is ultraviolet pumped infrared fluorescence (Allamandola et al., 1979 and
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references therein). Baas et al. (1983) estimated the ultraviolet to Infrared

energy conversion factor a to be - 3 x 10~3 for the 3.53 and 3.43 )im feature

in HD97O48. They argued that, since the black body radiation of HD97048 peaks

at 300 nm and H2CO has a broad absorption centered near that wavelength, the

pumping ultraviolet flux should be integrated up to 360 nm. The ultraviolet

spectrum of HD97O48 has recently been measured with the IUE satellite and does

not show significant absorption at 300 nm (IUE data bank). It should be noted

however, that the oscillator strength of the A A «• X A transition at 300

nm of (gas phase) H2CO is only 2.4 x 10*11 (Sidman, 1958), corresponding to a

forbidden electronic transition, whereas much stronger electronic transitions

with f values > 10~2 are present in the far-ultraviolet region between 120 and

180 nm (Mentall et al., 1971). Since the extinction of core-mantle

grains (a - 0.1 \un) is completely saturated at far-ultraviolet wavelengths

(Greenberg, 1978), the strongest electronic absorptions of H2C0 in grain

mantles would not show up in the IUE spectra at all while the absorption band

at 300 nm would only partly affect the stellar spectrum. In view of this, a

better way to estimate a is to neglect the absorption at 300 nm and

integrate the ultraviolet flux up to 180 nm. In this case a value

of a - 3 x 10~2 is obtained. The absorption bands of other species in the
en

grain mantle may also contribute to the pumping process by energy transfer to

HgCO. This will reduce a since the integration of the ultraviolet flux can

then be partially extended into the visible and near-infrared region.

Correcting for this, we estimate a to be about 10*2.

In chapter IIIA of this thesis it was found that agr] S 5 x 10 ° for H2C0

in dirty ices. Hence, the possibility of ultraviolet pumped infrared

fluorescence of H2CO in grain mantles being responsible for the 3.53 and

3.13 Mm emission feature can be excluded. Moreover, recent observations

indicate that the emission features near 3.5 ym in HD97O48 arise from a

region < 0.1 arcsec across (Roche et al., 1986). At this distance from the

star the equilibrium temperature of grains lies in the range 500-1500 K,

excluding solid H2C0 (or any other 3imple, volatile molecule) as a possible

source of the emission sinoe H2CO quickly evaporates at temperatures > 120 K.

Recently, it has been suggested that the 3.3, 6.2, 7.7, 8.6 and

11.3 um bands are due to emission from a mixture of polycyclic aromatic

hydrocarbons (PAH's; Leger and Puget, 1984; Allamandola et al., 1985). One may

speculate about a possible interpretation of the 3.53 and 3.43 urn emission

feature observed In HD97048 and Ellas 1 within the framework of the PAH model.
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In this caae, the emission would probably arise from aldehydie (-C^ ) groups
H

attached to the aide of the aromatic ring systems. However, such an aldehydic
group would generally also emit at 3.65 tim (Duley and Williams, 1981; Aldrioh

Library of Infrared Spectra, 1981), although the specific state of the

molecule (i.e. being in a neutral, ionic or radical form) may effect the

vlbrational frequencies. In order to answer this question, further laboratory

studies of PAH's are necessary.

6. CONCLUSIONS

The infrared absorption spectra of HgCO in a number of molecular matrices

have been measured. They show that HgCO forms chemical complexes with

surrounding molecules in the matrix. In all cases the symmetric and asymmetric

C-H stretching mode are blue shifted with respect to gas phase HgCO, which can

be qualitatively explained in terms of the lone pair effect of the carbonyl

oxygen.

Although the 3.53 and 3.43 ym emission feature in the pre-main-sequence

star HD97018 can be approximately matched by a dirty ice mixture containing

H2CO, the possibility that ultraviolet pumped infrared fluorescence of H2CO in

grain mantles gives rise to these emission features can be rejected: the

required ultraviolet to infrared energy conversion factor a is - io"2,
e n -f,whereas the experimentally determined upper limit of a amounts to 5 » 10

(chapter IIIA of this thesis).

An alternative explanation for the emission features near 3.5 pin in

HD97048 might be polyoyclic aromatic hydrocarbons containing aldehydic
si0

("C*; ) groups, although a definite identification of the features probably
H

has to await further laboratory studies.
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C H A P T E R IVB

INFRARED SPECTRUM OF THE 1:1 COMPLEX OF FORMALDEHYDE WITH

CARBON DIOXIDE IN ARGON AND NITROGEN MATRICES

ABSTRACT

The 1:1 complex of HgCO with COg has been studied by infrared speatros-

oopy in argon and nitrogen matrices. The shifts relative to the free species

show that the 1:1 complex is weak and similar in argon and nitrogen. The

results give evidence for T shaped complexes, which are isolated in several

configurations. Some evidenae is also presented which indicate that, in

addition to the two well-known sites in argon, COg can be trapped in a third

site.



1. INTRODUCTION

Nelander has carried out an extensive study of the various complexes

formaldehyde (H2CO) forms with different molecules in low temperature matrices

(Nelander, 1978; 1980a; 1980b; 1980c; 1982). However, the infrared spectros-

copic properties of the 1:1 complex with carbon dioxide (C02) have not been

reported. This particular complex is of interest because it has been shown

that the symmetric and asymmetric C-H stretching mode of H2C0 (v and \> ,

respectively) are considerably blue shifted in ices containing C02 (van der

Zwet et al., 1985; chapter IVA of this thesis). In order to explore the nature

of the exceptionally large blue shifts of v. and v,., a study of the infrared

spectrum of the H2C0"C02 1:1 complex in argon and nitrogen matrices has been

carried out. The results show that a weak 1:1 complex is formed, indicating

that the large blue 3hifts of v. and v_ in C0 2 containing ices arises from

concerted lattice effects rather than from an exceptionally

strong H2C0«C02 1:1 complex.

2. EXPERIMENTAL

Basically, the set up described in chapter IVA was used, except for the

following differences: the gas mixtures were generally deposited for a IS-'tO

min. period at a rate of 0.17 mMol/hr. H2C0 gas was mixed with the other gases

before deposition by le t t ing the H2CO evaporate slowly from the container into

the greaaeless glass vacuum l ine . Besides H2C0 and C02, the following gases

were used: Ar, U.H.P. 99.999* (Matheson), f i l tered through a combination

molecular sieve-activated charcoal f i l t e r ; and N2, U.H.P. 99.999X (Matheson),

which waa used without further purification. The resolution of the infrared

spectra i s 1 cm"1.

3. RESULTS

In weak complexes of the type studied here, the vibrations of the

molecules in the complex are only slightly shifted from their free positions.

Therefore, the perturbed i-th fundamental of molecule A in a complex with B

will be denoted as v^A.B).
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3.1. Argon matrix

3.1.1. H2CO fundamentals. The Infrared spectrum of H2CO In argon matrices has

been extensively studied and shows that H2C0 principally occupies a single

site (Harvey and Ogilvie, 1962; Khoshkhoo and Nixon, 1973; Nelander, i980e).

The spectrum of H2C0 suspended in argon with and without C0 2 (lower and upper

trace, respectively) is shown In fig. 1. The assignments of the fundamentals

of free and complexed H2CO are listed in table 1. As is now customary, the

fundamentals of H2C0 are numbered following Herzberg (1966) instead of Harvey

and Ogilvie (1962) and Khoshkhoo and Nixon (1973). The following summarizes

the most important new bands which appear when C0 2 is Included in the matrix.

Since the bands which are produced are only slightly shifted from the H2C0

positions, assignment to a particular mode in the complex is straightforward.

v. : The strong band which grows in at 2801.8 cm"' is attributed to

v.(H2C0'C0 ), the symmetric C-H stretching mode. This band obscures the

feature at 2803.2 cm"', which is due to H2CO dimers.

v, : A new band at 1737.0 cm is observed in the

carbonyl (C=0) stretching region and is assigned to v_(H CO'CO ). Furthermore,

a weak band at 1735.6 cm" appears, which is tentatively assigned

to v2(H2C0-C02) also.

v, : The new band which appears at 1195.9 cm"1 is assigned to the

scissoring mode in the complex, v, (H2C0'C02).

Vjj : Two strong bands appear in the CH2 out-of-plane bending region at

1171.1 and 1169.3 cm"1 j both are assigned to v..(H CO-CO.). (The band at 1171.1

cm ' seems to be a blend of two lines.) A weak feature at 1177.2 cm ' may be

due to the 1:1 complex also. In addition, there seems to be a very broad

underlying absorption, possibly due to higher complexes of H2C0 with C0 2.

v, ! The new band at 2867.5 cm"1 Is assigned to v5(H2C0-C02), the

asymmetric C-H stretching mode.

v^ : When H2C0 and CO2 are simultaneously present in an argon matrix, a

band at 1216 cm"1 grows in on the blue side of the monomer absorption.

Furthermore, the "depression" between the monomer and dtmer absorption at

1215.0 and 1218.9 cm"', respectively, becomes less pronounced. This may be due

to absorption of the complex at approximately 12U8 cm"'. Therefore, we

tentatively assign these two bands to v,-(H^CO-CO.), the CHg in-plane bending

vibration.
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Fig* 1: Inffared absolution spectrum in the regions of the fundamental vibrations of free (upper

trace) and oomplexed (lower trace) HgCO in argon at 12 K (Ar/HgCO = 200/2 and Ar/H2CO/CC>2 =

100/2/1, respectively). See table 1 for band positions and assignments. The relative intensities of

the different modes can not be determined from thie figure because different absorbance scales have

been used to normalise the peaks. Complex absorptions are indicated by C.
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Table 1. Fundamental vibrational fvequenaiee (in em'*) of free and aomplexed

RgCO in argon and nitrogen iratrioes at 12 K.a

H2C0

v 2819.0

2810.4

2803.2

2798.0

v2 1712.2

1738.7

1737.7

1732.4

v , 1500.9

1499.1

1498.0

Ar

Assignment

HP

D

D

M

M

D

HPb

D

HP

M

M?

H2CO-CO2

2801.8

1737.0

1735.6 ?

1495.9

H2C0

2823.0

2820.5

2814.9

2809.2

2806.2

2800.5

2799

1741.0

1740.0

1739

1736.8

1736.41

1735.5

1733.9

1730.1

1728.7

1725.4,

1731.3

1729.2

1501.8]

1502.1J

1501 ]

1499.9

1499

1497

1496.4

1494.9

N2

Assignment HgCO'CO,

HPd

HPd

HPd?

D

Dd

M, 2803.7

« 2 d

«2
M, 1742.4

nr M

D

HPd?

HP

D

HPd?

M, 1500.9 ?d

D?

HPd?

M2

D
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V4

V5

V6

1174

1168

1166

1165

1164

1162

2873

2864.

1248.

1245.

.4

.6

.7

.8

.1

.3

1

9

0

D

M

M?

HP?

HP

D?

D

M

D

M

1177

1171

1169

2867.

1248

1246

.2 ?

.1 c

.3

5

9

1178.8

1177

1171.2

1172.8

1170.0

1168.4

1167.8

1166.9

1162.0

2879

2871.4

2866.8

1248

1245.8

1244.6

1243.5

1239.7

HPd?

HP?

D

D

M, , nr

HPd?

Mi • M2

HPd?

D?

HPd

D

M

M

HPd?

D

HPd?

M

M 1171.2

1168.7 ?d

1166.9 ?

2870 ?

1246 ?

M = monomer, D = dimer, HP = higher polymer; following Helander (1980e),

the two Bitee of H2C0 in nitrogen are assigned ae M-^ (major eite) and M2

(minor site); nr M = nonrotating monomer.
0 Selander (1980s) has assigned a band at 1737.4

H CO'H 0 complex.
0 This feature way aatually be a blend of two lines.

" Theee features appear upon warmup.

m"1 to the
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3.1.2. COg fundamentals. The spectrum of C02 in argon has also been the
subject of several investigations (Fredin et a l . , 1974; Guasti et a l . , 1978;
Irvine et a l . , 1982). The spectrum is complex and indicates that C02 occupies
at least two different s i t e s . The upper and lower trace of f ig. 2 shows the
spectrum of C02 in an argon matrix, both alone and in the presence of H2C0.
The band frequencies are summarized in table 2 and discussed below.

\>2 : A number of new bands appear in the bending region when H2C0 Is
present in the matrix: two weak features at 667.2 and 666.9 cm"1, strong
features at 665.9, 656.7 and 653.0 cm"', and a broad band centered at

2350 2340 670

FREQUENCY ( cm i

660 650

Fig, 2: Infrared absorption spectrum in the regions of the fundamental

vibrations of free (upper trace) and complexed (lower trace) 00% in argon at

12 K (Ar/C02 = 100/1 and Ar/C02/H2C0 = 100/1/1, respectively I. Sse table 2 for

band positions and assignments. Relative intensities of the different modes

can not be determined from this figure. Complex absorptions are indicated by C

(1:1 complex) and HC (higher complex).
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Table 2. Fundamental vibrational frequenaiee (in am'*) of free and aomplexed

COn in argon and nitrogen matrices at 12 K.a

co2

v2 667.9

665.6

661.3

663.6

662.1

661.1

660.9

660.0

658.5"J
656.9/

655.9)

v 2316.1

2311.6

2311.6

2310.0

2339.3

2335.6

2331.6

2333.9

2279.6

2271.3

kr

Assignment

M?

HP

D

M

M

D?

D?

D

,b

D

M

?

D°?

M

HP?

D?

M?

M('3c)

M(13C)

H2CC

667

666

665
661

656

651

653

2311

2311.

2331.

2281.

2271.

.2

.9

.9

.1

.7

.0

3

1

2

3

5

S

S

HC

S

1

co2

665.5

661.5

663.8

663.1

662.3

661.2

660.6

659.6

656.3

2351.1

2319.5

2318.1

2283.5

N2

Assignment

D/HPd?

HP

D?

D

M

HP?

HP

D?

HPd?

HPd

D

M

M(13C)

H2C0

666

665

661.

657.

657

656.

655.

651.

653.

2317.

2315.

2311.

•CO

1

5

2

3

8>

1

2

6

7)
64

2

s

s
HC

d

d

e

a M => monomer, D = dimer, HP = higher polymer, HC = higher complex, S =

relatively etrong band.
* Very weak featuree, some of whioh may be due to a third site.
e According to Guasti et al. (1978) the CO2-H2O complex also abeorbe at thie

frequency.
Theee featuree appear upon aavmup.

e Monomer band ia slightly broadened on the red aide, when H2C0 ie present in

the mxtyix.
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654 cm . Moreover, the band at 661.4 cm"1, assigned to C02 dimers, increases
considerably when H2C0 is present. Except for the broad band at 651 cm"1,
these bands are all assigned to the 1:1 complex of H2C0 with C02. Since the
intensity of the broad absorption at 654 cm"1 varies much more than the
intensity of the other bands between a 300/1/1 and a 100/1/1 mixture, this
band is assigned to higher complexes of H2C0 with C02.

An additional and very broad band (FWHH ~ 10 cm"1) appears at 606 cm"1,
whenever both C02 and H2C0 are present (not shown here). I t i s not correlated
with the 1:1 complex, and the band position and width vary slightly with
concentration and temperature. A possible explanation for this band i s that i t
i s due to a reaction product of H2CO and C02 which i s formed in the gas phase
during preparation or deposition of the ga3 mixtures.

v, : The bands in the asymmetric 0 0 stetching region at 2311.6 and
2339.3 cm"1 in the spectrum of Ar/CO2 (100/1) are assigned to the monomer
absorptions of two different s i t es . The bands at 2346.1 and 2340.0 cm"1 are
the corresponding dimer absorptions. The feature at 2334 cm"1 has been
ascribed to dimers or higher polymers of C02 in the past (Fredin et a l . , 1974:
Guasti et a l . , 1978). However, f ig. 3 3hows that the feature actually consists
of three features at 2335.6, 2334.6 and 2333.9 era . The overall line shape
and concentration dependent behavior of the individual features in going from
a 300/1 to a 100/1 mixture suggest that they are due to polymers, dimers and
monomers, respectively, of a third s i t e . The 2334 cm"1 feature appears only if
the CO2 concentration i s sufficiently high (Fredin et a l . , 1974). Inspection
of the v- region for additional evidence of a third s i t e reveals a number of
weak bands which are difficult to assign, particularly in the 655-659 cm"1

region (see table 2). Some of these may be due to a third s i t e .

When C02 and HjCO are both present in the matrix, a band at 2311.1, and
possibly at 233L2 cm"1, appear in the -J- region of C02. Moreover, the
monomeric C02 band at 2344.6 cm undergoes some broadening and shifting
towards lower wavenumbers In all experiments with both H2C0 and COg present
In the matrix. I t therefore seems that a band grows in at 2344.3 cm"1. The
features at 2344.3, 2341.1 and 2334.2 cm"1 are tentatively assigned to the 1:1
complex of CO^ "ith H2C0.

The V. region of 1 ' co 2 was also examined for bands which could be
ascribed to a complex (not shown here). Monomeric 1^C02 absorbs at 2279.6 and
2274.3 cm"1! corresponding to isolation in the two main s i t e s . Upon mixing
with HgCO, two weak features at 2281.3 and 2274.5 om"1 appear, which are
assigned to the H_CO# CO. complex.
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M

Fig. 3: Infvaved absorption epeatnim in

the v, vegion of CO 2 in avgon at 12 K,

indicating the possible existence of a

third site, (a) Ar/CO2 = 300/1; (b)

Av/C02 = 100/1. See table 2 for band

positions and assignments.

2336 2332
FREQUENCY (cm"')

The v. fundamental vibration of C02 (the symmetric C=0 stretching mode)

absorbs very weakly at 1381 cm"1. Introducing H2C0 into the matrix does not

induce significant enhancement of absorption in this region.

The spectrum of C02 in argon also shows very weak combination bands of

v, with argon lattice modes at 2395, 2127, 2150 and possibly 2186 cm"' (not

shown).

3.2. Nitrogen matrix

3.2.2. H^CO fundamentals. Fig. 1 shows the spectrum of an N2/H2C0 (100/1) and

N2/H2C0/C02 (100/1/1) mixture at 12 K, while fig. 5 shows the spectrum of an

N2/H2CO (300/1) and N2/H2C0/C02 (300/1/1) mixture at 12 K after annealing at

20 K for about 2.5 hours. Mild annealing In the more dilute matrices produces

sharper bands which are better resolved, making Identification more

straightforward. The bands are listed in table 1 together with their

assignments. In nitrogen, there is strong evidence for the existence of a

temperature dependent equilibrium between two trapping sites and for the
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Fig* 4: Infrared absorption spectrum in the regions of the fundamental vibrations of free (upper
traae) and complexed (lower trace) H2CO in nitrogen at 12 K (S2/H2CO = 100/1 and Sg/SgCO/COg =
100/1/1, respectively). See table 1 for band positions and assignments. Relative intensities of the
different modee aan not be determined from this figure. Complex absorptions are indioated by C.
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2880 2860 2820 2800 1740 1730 1500 1490

FREQUENCY Icm'1)

1250 1240 1180 1170

Fig. S: Infrared absorption 8pectr>um in the regions of the fundamental vibrations of free (upper

trade) and complexed (lower trace) H^CO in nitrogen at 12 K, after annealing at 20 K (Ng/HgCO =

300/1 and N2/B2CO/CO2 = 300/1/1, respectively). See table 1 for band positions and assignments.

Relative intensities of the different modes can not be determined from this figure. Complex

absorptions are indicated by C.
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existence of a hindered rotation of H2C0 around the C 2 axis (Khoahkhoo and

Nixon, 1973; Nelander, 198Odj 1980e). The bands which are produced when C0 2 is

present are now discussed.

v1 : The new band at 2803.7 era"1 is assigned to v (H-CO-CO-).

v2 : Upon annealing of an N2/H2C0 (300/1 ) mixture, a number of bands

appear between 1737 and 1725 cm"1, which are probably due to higher polymers

of H2C0 (see table 1). When H2C0 and C02 are simultaneously present in the

matrix, a band is observed at 1712.1 cm"1. It is assigned to v (H_C0"CO ).

v, : No new bands appear in fig. 1 which can be attributed to the

presence of C02. However, upon closer inspection of fig. 1 it appears that the

main monomer peak at 1199.9 cm"1 is slightly broadened at the high frequency

side. Upon annealing at 20 K, an absorption feature at 1500.9 cm"1 sharpens

and becomes more prominent. It is tentatively assigned to v(H CO-CO ).

Wj, : The new band at 1171.2 cm"1, present as a shoulder in fig. 1 and

clearly resolved in fig. 5, is assigned to v.(H.CO'CO ). The weak features at
11168.7 and 1166.9 cm which appear after annealing may also be due to the

complex.

v5 : Subtraction of the H2C0 spectrum from that of an H2CO and C0 2

containing matrix reveals a very weak feature at about 2870 cm"', possibly due

to v5(H2C0-C02).

v, : As with v , subtraction of the H2C0 spectrum reveals a weak band at

about 1216 cm"1, which may be due to v, (H.CO-CO.,).

3-2.2. CC>2 fundamentals. Figs. 6 and 7 show the spectrum of C0 2 in nitrogen,

both in the presence and absence of H2CO at 12 K (fig. 6) and after annealing

at 20 K (fig. 7). C0 2 occupies a single principal site in nitrogen (Fredin et

al., 1971). The results, summarized in table 2, are discussed below.

v_ : A number of new bands appear when C0 2 and H2C0 are simultaneously

present in a nitrogen matrix: one at 665.5 cm"1, with a shoulder at 666.1

cm"1, and a feature at 657.3 cm"1 superimposed on a broad band centered at

about 657 cm" . As in argon, the band at 661.2 cm" , assigned to higher

polymers of C0 2, increases substantially when H2C0 is present. Except for the

broad band at 657 cm"1, these bands are assigned to various forms of the 1:1

complex. The 657 cm"1 band Is, as in argon, assigned to higher complexes of

H2C0 with C02 on the basis of concentration dependent behavior. Upon annealing

at 20 K, new features appear at 656.8, 655.1, 651.2 and 653.6 cm"1, which may

also be due to the 1:1 complex.
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2350 2340 670
FREQUENCY (cm"1)

660 650

tig. 6: Infrared absorption spectrum in the region of the fundamental

vibrations of free (upper traae) and oomplexed (lower trace) CO2 in nitrogen

at 12 K (Sg/COg = 100/1 and Ng/C0s = 100/1/1, respectively). See table 3 for

band positions and assignments. Relative intensities of the different modee

aan not be determined from this figure. Complex absorptions are indicated by C

(1:1 aomplex) and HC (higher complex).

As In the case of argon, a broad band at 610 era"1 (FWHH - 9 cm ) is
observed, essentially uncorrelated with the 1:1 complex.

v, : Even In the more dilute case, when H2CO Is present in the matrix,
the bands In the v_ region are very broad and not well resolved, New bands
appear as shouldera on the strong 2318.<) cm"1 monomerlo band at 2317.7, 23t5.6
and 2311.J) cm"1. They are tentatively assigned to v,(C02-H2C0).

The v. band of
In the presence

13,

2-H2C

at 2283.5 om"' Is slightly broadened on the red side

of H?CO. This may be due to absorption ofH2CO.

the 3C02«H2C0 complex.
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I » I
N2 112 K) AFTER ANNEALING AT 20 K

~¥\

2350 2340 v 670
FREQUENCY Ic

660 650

Fig. 7: Infrared absorption epeatrum in the regions of the fundamental

vibrations of free (upper trace) and complexed (lower trace) C02 in nitrogen

at 12 K, after annealing at 20 K (N2/COS = 300/2 and U2/CO2/H2CO = 300/1/1,

respectively). See table 2 for band positions and assignments. Relative

intensities of the different modes can not be determined from this figure.

Complex absorptions are indicated by C (1:1 complex) and HC (higher complex).

As in the case of argon, the v. fundamental vibration of C02 shows very
weak activity at 1385 cm"1 and no significant enhancement takes place upon
addition of H2CO to the mixture.

The latt ice modes of the nitrogen matrix are evident In the spectrum as
combination bands with v, of C02 at 2383 and 2D33 cm"1 {Fredln et a l . , 1971).
In addition, the N«N stretching vibration at 2328.8 cm"1 becomes infrared
active when C02 is present in the matrix (Fredln et a l . , 197t).
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1. DISCUSSION

The results presented in the previous section argue that a similar, weak

1:1 H CO-CO, complex is formed and isolated in both argon and nitrogen

matrices.

The symmetric and asymmetric C-H stretching vibration in

H?CO'CO? (v and v , respectively) are both blue shifted relative to free

H2CO. The shift is only a few wavenurabers and the bands are not unusually

broadened, implying that complex formation doe3 not involve hydrogen bonding.

In argon, v, (the C-H bending vibration) of the complex is red shifted, again

pointing to no direct involvement of the hydrogen of H2CO in the complex

(Nelander, 1980b). The band at 15O0.9 cm"' in nitrogen, possibly due to

v,(H?C0'C0_), is slightly shifted towards higher wavenumbera. This shift in

the opposite sense may be due to a matrix effect.

The appearance of several new bands in the v2 region of C0 2 implies that

the degeneracy of the bending vibration is broken in the complex.

Taken together, the evidence presented above points to a geometry in

which the oxygen of H2C0 is "complexed" to the carbon of C0 2. The fact that no

significant enhancement of the symmetric C=0 stretching mode of C0 2 is

observed, implies that in the complex C0 2 is situated in a centrosyrometric

force field, probably with a T shaped structure of the type shown in fig. 8.

Further support for this structure is presented by the small blue shift

of the v, and v,. mode of HpCO-CO., the in-plane and out-of-plane bending mode,

respectively: in a staggered complex in which C02 rests either on top of the

HgCO molecular plane or in it, one would expect the v, and v^ mode to be

affected much more. In addition, the splitting observed in v^ and possibly v^

Cat least In argon), points to at least two dominant forms of the complex:

probably one in which the D . axis of CO^ is in, or nearly in the H2CO plane ,

the other in which it is substantially out of that plane. The two extremes are

shown in fig. 8a and b, respectively. The high frequency band of both modes is

most likely due to the one in which C02 is in the H2CO plane.

The C-0 stretching mode (v_) of H2C0 in the complex is red shifted 5 cm"
1

with respect to free HgCO in argon matrices, consistent with other H2C0

complexes studied so far (Nelander, 1980b). In nitrogen, a small blue shift

(1-2 cm"') is observed, again presumably due to a more restricted cage for the

complex in nitrogen matrices.
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Fig. 8: Schematic representation showing the too extremes of possible T shaped

structures of the H2C0>CO2 1:1 complex, (a) C02 in the H2C0 plane; (b) COs
perpendicular to the HgCO plane.

The small shift observed for v,, the asymmetric C=0 stretching mode in

COgi when C02 Is complexed with H2C0 are consistent with a weak complex in

which the interaction primarily involves the carbon in C0 2.

A T shaped complex would lift the degeneracy of the bending vibration of

CO2 and, for any given geometry, would produce two new bands in this region.

The 1:1 complexes of C02 with H20 and NH3 were studied by Fredin et al. (1975s

1976). In both cases only two bands in the v_ region of C02 were assigned to

the complex, indicating that only one configuration was isolated. The observed

splitting in the v,. and possibly v, region of H2CO suggests that at least two

forms of the complex are favored. Consequently, one expects at least four

bands in the bending region of C02. Inspection of figs. 2, 5 and 6 shows that

this is indeed the case: in both argon and nitrogen at least 6 bands are

induced by the presence of H2C0 which are assigned to the 1:1 complex. In

argon, two forms seem favored as evidenced by the appearance of at least three

strong bands in the region of C0 2 when H2C0 Is present in the matrix (namely

at 665.9, 656.7 and 653.0 cm"'). In nitrogen, the spectra indicate that

similar T shaped complexes are also present. However, at 12 K only one form

seems favored since only two of the new bands in the region can be considered

to be strong (665.5 and 657.3 cm"'). Upon annealing more features appear,

which may be due to various forms of the 1:1 complex.

The slight blue shift of \>. and v in the 1:1 complex with CO2 relative

to free H2C0 indicate that the much larger blue shift of v1 and vg in Ices of

astrophysical relevance containing C02 (van der Zwet et al., 1985,- chapter IVA

of this thesis) are due to concerted lattice effects involving more C02

molecules and not to an unusually strong 1:1 complex with C02,
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SAMENVATTING

De ruimte tussen de sterren (het "interstellaire medium") is gevuld met

materie. Deze materie, bestaande uit gas en stofdeeltjes, is geconcentreerd in

gigantische wolken met afmetingen van een paar tot vele tientallen lichtjaren

(1 lichtjaar is ongeveer lo1^ km). De dichtheid van deze wolken is zeer laag

voor aardse begrippen en varieert van 1 to 10° water s tof atomen per am^ (ter

vergelijking: de dichtheid op aarde is ongeveer 2 x 101^ moleculen per cm^ ).

Naast waterstof (H), dat het meest abundante element is, komen ook andere

elementen voor zoals He, 0, C, N, Ne, Mg, Si, Fe en S.

De stofdeeltjes manifesteren zich doordat ze het achterliggende sterlicht

verstrooien en absorberen. Dit wordt extinctie genoemd. Verschillende soorten

stofdeeltjes zijn nodig, met verschillende afmetingen, om de waargenomen

extinctie te kunnen verklaren (zie fig. 1 in de sectie "Introduction and

Summary"). De extinctie in het zichtbare gedeelte van het spectrum wordt

veroorzaakt door deeltjes met een diameter van ongeveer 0.2 micron. De kern

van deze deeltjes bestaat uit silicaatachtig materiaal, dat wordt gevormd in

het uitstromende gas van bepaalde sterren. Omgekeerd kunnen wolken met een

zeer hoge dichtheid zich samentrekken en weer sterren vormen.

De silicaatdeeltjes spelen een belangrijke rol in de interstellaire

chemie: de temperatuur van deze deeltjes is extreem laag, ongeveer 10 K

(-263 °C), en in wolken met een hoge dichtheid ("moleculaire" wolken) zullen

atomen en moleculen vastvriezen op de stofdeeltjes en op deze manier een

ijslaagje vormen. Met behulp van infraroodteleacopen is het bestaan van deze

ijslaagjea in de ruimte aangetoond. Moleculen als H20, NHg en CO zijn hierbij

waargenomen. Onder invloed van ultraviolette straling afkomstig van de sterren

vindt fotolyse van de moleculen in de ijslaagjea plaats, waarbij reactieve

deeltjes ("radicalen") ontstaan die vervolgens verder kunnen reageren tot

complexere moleculen. Door onderlinge botsingen van stofdeeltjes kunnen deze

opwarmen, waardoor onder bepaalde omstandigheden de ijslaagjes "exploderen".

Op deze manier kunnen moleculen teruggebracht worden in de gasfase.

De spectroscopische eigenschappen van de Ijslaagjes vormen het onderwerp

van dit proefschrift. In het laboratorium worden deze Ijslaagjes nagebootst

door gasmengsels vast te vriezen op een koud (- 12 K) oppervlak dat zich in

een vacuum ruimte bevindt en ze te bestralen met een ultravloletlamp. Een

alternatieve methode Is het gasmengsel door een microgolf-ontlading te lelden

en de producten die gevormd zijn In het plasma vast te vriezen. De
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spectroscopische eigenschappen van de ijslaagjes zijn onderzocht m.b.v.

ultraviolet/zichtbare en infrarood spectroscopie.

In hoofdstuk I wordt een nieuwe verklaring voorgesteld van het

interstellaire extincie-maximum bij 217.5 nm (de "hump"). Tot nu toe werd

collectieve aanslag van ir-eleetronen in kleine grafietdeeltjes als de meest

waarschijnlijke verklaring voor de hump beschouwd, ondanks verschillende

problemen. In dit hoofdstuk blijkt dat bij ultravioletbestraling van

aromatische en alifatische organische moleculen in een argon "matrix" bij 12 K

fotoprodukten gevormd worden die sterk absorberen rond 220 nm. Met behulp van

ultraviolet en infrarood spectroscopie worden de Produkten geïdentificeerd als

polyacetylenen en oyano-polyacetylenen, die ook in het interstellaire gas

worden waargenomen met radiotelescopen. Voorgesteld wordt om de 217.5 nm

interstellaire extinctie-hump toe te schrijven aan kleine stofdeeltjes die

bestaan uit een mengsel en/of polymeer van polyacetylenen en cyano-

polyacetylenen.

Het klassieke probleem van de "diffuse interstellaire banden" is het

onderwerp van hoofdstuk II. Deze vormen een reeks van ongeveer 50 absorptie-

banden in het zichtbare gedeelte van het spectrum vanaf 443 nm tot in het

nabije-infrarood. Hoewel hun interstellaire oorsprong al meer dan 50 jaar

geleden vastgesteld werd, is er tot op heden geen goede verklaring voor deze

absorptiebanden gevonden.

In hoofdstuk jJA wordt onderzocht of absorpties van moleculen of

radioalen in de ijslaagjes verantwoordelijk kunnen zijn voor de diffuse

banden. Hiertoe werden gasmengsels bestaande uit moleculen als H20, 02, CH^OH,

CO, CHjj, C2H2, CgHg en NH, door een microgolf-ontlading geleid en vervolgens

vastgevroren. De absorptiebanden in het zichtbare gedeelte van het spectrum

van deze ijslaagjes worden toegeschreven aan (0 2) 2, 0,, N0 2 en NCk. Echter, de

banden blijken over het algemeen te breed om de diffuse banden te kunnen

verklaren. De spectra van de "organische residuen" die achterblijven na

fotolyse van de ijslaagjes en opwarming tot kamertemperatuur, vertonen geen

absorptiebanden en kunnen de diffuse banden dus evenmin verklaren. Dit

organisch residu wordt verondersteld het voornaamste bestanddeel te zijn van

de stofdeeltjes in wolken met een lage dichtheid ("diffuse" wolken).

Een alternatieve verklaring wordt voorgesteld In hoofdstuk IIB, namelijk

dat de diffuse banden kunnen worden toegeschreven aan polycyclische

aromatische koolwaterstoffen in de gasfase. Deze moleculen zijn recentelijk

voorgesteld als verklaring voor de infrarood-emissiebanden die op sommige
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plaatsen in de ruimte worden waargenomen (zie hoofdstuk U I A ) . Het

koolstofskelet van een aantal van deze polycyclische aromatische

koolwaterstoffen is zeer bestendig tegen ultraviolette straling. Aangetoond

wordt dat in de ruimte veel van deze moleculen positief geladen en

gedeeltelijk gehydrogeneerd 2ijn, en absorpties zullen vertonen in het

zichtbare gedeelte van het spectrum. Tevens wordt aangetoond dat de lijnvorm

van de diffuse banden lijkt op de ro-vibronische bandcontouren van organische

moleculen in de gasfase. De breedtes van de diffuse banden wordt

waarschijnlijk bepaald door stralingsloze interne conversie tussen het

aangeslagen vibronische niveau en dichtbijgelegen niveaus van een lagere

electronische toestand. Aangezien weinig bekend is van de spectroscopische

eigenschappen van deze radicaal-ionen in de gasfase, moet onderzoek hiernaar

gestimuleerd worden.

In hoofdstuk III worden de resultaten gepresenteerd van een studie van

ultravioletgepompte infrarood-fluorescentie van moleculen opgelost in

matrices. Een aantal ultravioletrijke astrofysische objecten vertonen brede

emissiebanden in het mid-infrarood. De golflengtes van de sterkste banden zijn

3-3, 3.4. 6.2, 7.7, 8.6, and 11.3 micron. Continu nabije-infrarood^emissie,

die waarschijnlijk gerelateerd is aan de emissiebanden, wordt waargenomen in

reflectie-nevels. Een speciaal geval vormen de sterren HD97048 en Elias 1, die

tieide omringd zijn door een "schil" van stofdeeltjes: naast de bekende

emissiebanden vertonen de spectra van deze sterren sterke emissies bij 3.53 en

3.^3 micron. Een van de eerste pogingen om de emissiebanden te verklaren was

het ultravioletgepompte infrarood-fluorescentiemodel. Hierin werden de

emissiebanden toegeschreven aan infrarood-fluorescentie van ultraviolet-

gepompte, vibrationeel aangeslagen moleculen vastgevroren op stofdeeltjes.

Op basis van infrarood-absorptiespectra kunnen de emissiebanden bij 3.53

en 3.43 micron, zoals waargenomen in HD91018 en Elias 1, toegeschreven worden

aan de C-H strekvibraties van formaldehyde (H2C0)-"complexen" met omringende

moleculen in het ijslaagje (zie hoofdstuk IVA). In hoofdstuk UIA wordt het

ultravioletgepompte infrarood-fluorescentiemodel getest voor HjCO in ijs-

laagjes. H2C0 werd gepompt in de eerste aangeslagen singulettoestand door een

excimeer-pulslaser die licht uitstraalde roet een golflengte van 308 nm. Na de

laser puls kon eventuele infrarood-emiasie tussen 2 en 5.5 micron worden

waargenomen met een InSb detector. Op deze manier kon een bovenlimiet van

ongeveer 5 x 10"^ voor a , de ultraviolet- naar infrarood-energie conversie-
©tl

factor, worden vastgesteld voor H2CO. Aangezien de vereiste waarde
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emissiebanden bij 3.53 en 3.1(3 micron, zoals waargenomen in HD97O18 en Elias

1, niet kunnen worden toegeschreven aan H2CO, vastgevroren op stofdeeltjes.

Dezelfde bovenlimiet voor a werd vastgesteld voor organische residuen, die

mogelijk verantwoordelijk zouden kunnen zijn voor de continue infrarood-

emissie in reflectie-nevels. Echter, met het oog of de vereiate a (- 10 ),

moet deze mogelijkheid ook worden verworpen.

Tijdens de in hoofdstuk UIA beschreven experimenten bleek dat, al-

hoewel H2CO zelf geen licht uitstraalt in het infrarood, infrarood-

fluorescentie vanuit de vibratie niveaus van de electronische grondtoestand

het in de matrix aanwezige CO kan worden gestimuleerd via energie overdracht

van het aangeslagen H2CO. Deze overdracht van electronische naar vibratie

energie van H2C0 naar CO in argon en stikstof matrices wordt bestudeerd in

hoofdstuk IIIB. De infrarood-emissie van CO vervalt niet-exponentieel en is

hoofdzakelijk afkomstig van hogere vibratie niveaus van 13co. Een model wordt

gepresenteerd dat dit gedrag verklaart, waarbij aangenomen moet worden dat het

aangeslagen H2C0 een eindige levensduur heeft en dat, naast stralend verval,

ook stralingsloos verval optreedt naar C02-verontreinigingen in de matrix.

Hoofdstuk IV is gewijd aan een infrarood-studie van matrix geïsoleerd

H2C0. Dit molecuul is een van de velen die worden waargenomen in het

interstellaire gas met behulp van radiotelescopen. Tevens zijn er aanwijzingen

voor de aanwezigheid van H2C0 in de ijslaagjes op de stofdeeltjes.

In hoofdstuk IVA worden infrarood-absorptiespectra gepresenteerd van

H2CO in ijslaagjes. Het oorspronkelijke doel van deze studie was te onder-

zoeken of de C-H strekvlbraties van HgCO in ijslaagjes zouden kunnen

verschuiven naar vergelijkbare waarden als de waargenomen 3.53 en 3.13 micron

enissiebanden (zie hoofdstuk U I A ) . Aangetoond wordt dat H2C0 chemische

complexen vormt met omringende moleculen in het Ijslaagje, met daarmee

corresponderende verschuivingen van de symmetrische en asymmetrische C-H

sfcrekvlbratle van H2C0 naar hogere frequentie. De verschuivingen kunnen

kwalitief worden verklaard m.b.v. het "lone pair" effect van de zuurstof van

HgCO. Het blijkt dat een goede overeenkomst met de emissiebanden in HD97O48 en

Elias 1 inderdaad verkregen kan worden. Echter, aangezien de vereiste

ultraviolet- naar infrarood-energie conversie-factor ongeveer 10~2 is, kan de

mogelijkheid dat uitravioletgepompte infrarood-fluorescentie van H2CO

vastgevroren op stofdeeltjes de emissiebanden verklaart worden verworpen (zie

ook hoofdstuk U I A ) . Gesuggereerd wordt dat polycyclische aromatische
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koolwaterstoffen die aldehyde-groepen bevatten mogelijk een betere verklaring

vormen.

In hoofdstuk IVB worden infraroodspectra gepresenteerd van het 1:1

complex van H2CO met C0 2 in argon en stikstof matrices. In IVA bleek dat de

C-H atrekvlbraties van H2C0 een uitzonderlijk grote verschuiving vertonen in

C0 2 bevattende ijslaagjes. Besloten werd daarom het 1:1 complex van H2C0 met

COg apart te bestuderen. De resultaten geven aan dat zwakke T-vormige

complexen, in verschillende configuraties, worden gevormd in zowel argon als

stikstof. De conclusie is dat de grote verschuiving van de C-H strekvibraties

van H2CO in COg bevattende ijslaagjes toe te schrijven is aan samenwerkende

roostereffecten waarbij meer dan een C0 2 molecuul betrokken is en niet aan een

uitzonderlijk sterk 1:1 complex.
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